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Abstract 
The Xantho case study aims to quantify the influence that hydrothermal alteration type and 
intensity has on the mechanical behaviour of the Xantho rockmass at the Gossan Hill 
volcanogenic massive sulfide (VMS) Zn-Cu-Pb underground mine. Classifying fracture 
frequency domains in drill core by the type and intensity of the secondary hydrothermal 
alteration assemblage, the Xantho case study displays a quantifiable distinction between the 
mechanical behaviour of the chlorite altered and silica altered intact rocks and rockmass. 
Supplementary classification of altered fracture domains by lithology and geological setting 
show how the different material properties and gross textural character of the stratified 
volcanoclastic sediments and massive igneous intrusions influence the development of 
fractures in a predictable manner. Characterisation and quantification of the rockmass using 
the geological strength index provides three significant rockmass quality populations that 
highlight the importance of alteration type on the condition of the discontinuity and draws a 
distinction between volcanoclastic sediments and igneous intrusions. Numerical modelling of 
the chlorite and silica rockmass using the Hoek-Brown failure criterion displays marked 
behaviour near an underground excavation and coupled with the location of strong core 
disking, illustrate the role that hydrothermal alteration may have in distributing far-field 
stress. 
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Chapter 1. Introduction 
1.1 General 
This thesis focuses on quantifying the mechanical influence that the type and intensity of 
hydrothermal alteration has on the mechanical behaviour of the rockmass in the Xantho 
mining area at the Gossan Hill volcanogenic massive sulfide (VMS) Zn-Cu-Pb underground 
mine. The case study uses the distribution of fractures in underground drill core to 
characterise the structure of the rockmass associated with two main hydrothermal alteration 
types: silica and chlorite. Discontinuity surface conditions are combined with the structural 
information from fracture frequency intervals to calculate a quantified Geological Strength 
Index (GSI) rating for rockmass quality for each alteration type. 
Metasomatism is a fluid-facilitated geological process that causes systematic but highly 
variable changes in geological materials to produce a range of hydrothermal alteration types 
and intensities (Pirajno 2009, Putnis 2009, Putnis and Austrheim 2010). Pressure, 
temperature, and chemical disequilibrium drive mass transfer between the host rock and the 
metasomatic solution (Altree-Williams, Pring et al. 2015, Centrella, Austrheim et al. 2015, 
Kleine, Pitcairn et al. 2015, Burisch, Marks et al. 2016, Centrella, Austrheim et al. 2016, 
Kleine, Pitcairn et al. 2016). Permeability pathways such as pore space, faults, 
discontinuities, fabrics, and contacts controlled fluid-ingress and the distribution of 
hydrothermal alteration products (Bruhn, Parry et al. 1994, Burisch, Walter et al. 2016, 
Kleine, Zhao et al. 2016). 
The variable distribution and intensity of alteration products impart varying mechanical 
properties to the intact rock, discontinuity, and rockmass that can be difficult to define 
making the interpretation and reliability of the engineering behaviour in altered rocks 
problematic. At intense alteration strength, the mechanical character of the intact rock can 
approximate the properties of the alteration mineral, but below this level of alteration, the 
rock has mixed material properties that are hard to predict. A conventional approach is to 
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delineate the types and intensities of hydrothermal alteration products by petrological 
investigation, which are then correlated with standard intact rock testing of the rock sample 
(Ulusay, Türeli et al. 1994, Tuǧrul and Zarif 1999, Rigopoulos, Tsikouras et al. 2010, YildIz, 
Kuşcu et al. 2010, Pola, Crosta et al. 2012, Coggan, Stead et al. 2013, Ündül, Amann et al. 
2015, Wyering, Villeneuve et al. 2015). This approach produces a site-specific alteration 
index with the assumption that the altered samples represent isotropic and homogeneous 
rock properties, but the cost limitations associated with sample collection and testing means 
that generally only a few samples are assessed, subjectively chosen by an engineer to 
represent the alteration spectrum in a single rock type (e.g. YildIz, Kuşcu et al. 2010, Pola, 
Crosta et al. 2012). The alteration index is then extrapolated to large volumes of ‘similar’ 
rockmasses to predict the mechanical properties of an ‘altered’ rockmass.  
The engineering quality of the rockmass is sensitive to the strength of the intact lithology 
and the nature and condition of the discontinuity network within the dimensions of the 
excavation. Changes in the elastic properties of the rocks facilitated by hydrothermal 
alteration can produce discordant and randomly distributed domains associated with fluid 
pathways such as faults or pore space (e.g. Bruhn, Parry et al. 1994, Burisch, Walter et al. 
2016), that can induce unfavorable stress distribution in the rockmass during mining (Jeong, 
Kang et al. 2007, Yin, Li et al. 2014). In structurally controlled settings, metasomatic fluids 
infiltrate along defects in the rockmass and the character of the alteration mineral deposited 
on the defects surface will control the strength and failure mode of a jointed rockmass 
(Barton 1976, Bruhn, Parry et al. 1994, Brady and Brown 2006). 
The discontinuous, heterogeneous, and anisotropic character of the rock-defect system 
produces a progressive and non-linear sliding and rotational behaviour in response to an 
applied stress. The non-linear behaviour reflects the disproportional contribution to the 
strength of the rockmass that intact and defect properties make. Rockmass Characterisation 
schemes linked to empirical failure criteria have been developed to take into consideration 
the non-linear nature of rockmass behaviour during stability assessment. Common factors 
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related to the general condition of the rockmass and the condition and geometric 
characteristics of the discontinuities constitute the bases of all the existing classification 
systems (e.g. Rockmass Rating [RMR], Q-System, & Geological strength Index [GSI]). The 
five most commonly used factors are the intact rock strength (UCS), the Rock Quality 
Designation (RQD) index, the surface condition of discontinuities, the spacing of 
discontinuities and, the groundwater outflows. Additional factors such as weathering and the 
orientation of discontinuities are included by some, but not all schemes. Hydrothermal 
alteration is difficult to consider quantitatively in characterisation schemes due to the rapid 
yet subtle variability in the type and intensity of alteration and the practice in geology of 
recording the intensity of alteration in descriptive and subjective qualitative terms (e.g. weak, 
moderate, strong, & intense). 
The Geological Strength Index (GSI) developed by (Hoek and Brown 1980, Hoek, 
Carranza-Torres et al. 2002) is a characterisation scheme which categorises jointed 
rockmasses based on geological observations regarding the structure of the intact blocks 
and the condition of the discontinuities. The development of the GSI system focused on the 
estimation of rockmass properties in non-structurally controlled failures and does not 
consider reinforcement and support systems intended in the RMR and Q systems. The GSI 
system is the principal parameter in the Hoek–Brown failure criterion (Hoek and Brown 
1997), which relates the individual geological properties of the intact blocks and 
discontinuities to the overall mechanical behaviour of the rockmass. The GSI system 
emphasis geological observations and attempts to retain the natural geological conditions of 
the rockmass and reflect the structure and the condition of the discontinuities related to the 
geological history of the site. GSI defines the engineering character of the rockmass by 
visual assessment of the ‘Structure’ of rock material and the ‘Surface Conditions’ of the 
discontinuities surface. These qualitative observational parameters combine to characterise 
the rockmass in terms of a quantitative GSI rating required for numerical analysis and the 
prediction of rockmass strength and deformability. This approach casts the rockmass as a 
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mechanical continuum without losing the influence geology has on its mechanical properties. 
The popularity of GSI and the lack of geological training among mining engineers has 
spurred the development of methods to quantify the GSI parameters in terms of more 
familiar factors such as block volume and RQD to obtain repeatable numerical values. 
The GSI system does not consider hydrothermal alteration of the rockmass referring only 
to the effects of weathering on surface conditions. In a similar way, alteration of the 
discontinuity surfaces can be consider as the formation of new alteration minerals will affects 
the shear strength of the joint surface. Discontinuities act as fluid-pathways to metasomatic 
fluids and will begin to alter at low fluid fluxes while meaningful alteration of the intact rock 
blocks requires sustain high fluid fluxes before alteration can occur. The effect that alteration 
has on the ‘Structure’ or blockiness of the rockmass is harder to evaluate. Early changes in 
the shape of the intact rock can be subtle and more intense alteration can produce zones of 
rapid changes in material properties and may obliterate early discontinuities masking the 
block. 
This thesis explores the effect that hydrothermal alteration has on the mechanical 
character of the rockmass by relating the structure and discontinuity frequency, spacing, and 
orientation to the alteration type and intensity of the intact rock. Through characterisation of 
the fracture frequency in drill core by alteration type and intensity, lithology, and geological 
setting a more representative ‘alteration index’ is created that allows rockmass quality and 
behaviour to be predict across the Xantho area based on routinely collected geological 
information without the need for petrology or intact rock testing. 
The results of the Xantho Case Study conducted at the underground Golden Grove Zn-
Cu-Pb mine in Western Australia, illustrates the effects of hydrothermal alteration types and 
intensities on the mechanical behaviour of an altered rockmass domain. The case study 
utilises underground drill core photography of a variable altered volcano-sedimentary 
package intruded by later dykes to define GSI values for chlorite and silica altered domains 
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based on their fracture frequency. Rockmass characterisation and geological observations 
reveal systematic behaviour associated with silica and chlorite alteration intensities. A 
tendency of silica alteration and crosscutting intrusive dykes to focus stress during mining is 
supported by numerical modelling. 
1.2 The Xantho Case Study – Gossan Hill Mine, Golden Grove  
The Xantho case study seeks to quantify the influence that metasomatic alteration has 
on rockmass quality by indexing subjective geological observations with statistical 
engineering traits. Quantifying hydrothermal alteration schemes within geotechnical domains 
requires both geological and engineering rigour; consistency is the key. The location, type, 
and intensity of hydrothermal alteration within a rockmass is an extensive property controlled 
by the energy of the thermal source, the availability of the metasomatic solution, the 
chemical potential of the fluid: rock system, and proximity of permeable network such as 
faults, fractures, joints, and pore space. The role of the geologist is to recognise and 
organise these elements into a coherent rock system. A site-specific scale-dependent 
framework should be applied to geological observations to promote consistency, and reduce 
bias inherent in subjective analysis. Consistently applied, the subjective attains a robust 
repeatable character within the confines of the rock system that is translatable into 
quantitative engineering inputs required for numerical and statistical rockmass analysis. In 
engineering, hydrothermal alteration is an intensive property of the rockmass; a mechanical 
variable that modifies the surface conditions of the fracture network and alters the strength 
and elastic properties of the intact lithology. The role of the rockmass engineer is to identify 
and characterise the range of known mechanical behaviours, calculate potential behaviours, 
and provide a statistical framework for safety, design, operational, and budgetary 
management. The analytical demand for repeatable representation drives the development 
of efficient data collection methods that generates the knowledge and understands required 
to convert a complex system into manageable engineering processes. 
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Linking engineering behaviour with geological observations illuminates the rockmass 
more as an artist watercolour and less paint by numbers. Statistical outliers have geological 
explanations such as faults, hydrothermal alteration, igneous intrusions, or compositional 
properties. Data gaps can reveal poorly understood geological environments that could 
benefit from a modify data collection criterion and renew rock testing rationales. The 
geotechnical model benefits from the vast amount of geological information routinely 
collected during mining enabling the classifying and analyses of sparsely sampled rockmass 
with robust values specific to the geological environment. 
This thesis outlines an integrated geological and geotechnical approach to quantify the 
character of the hydrothermal alteration in terms of rockmass quality. The Xantho case study 
correlates alteration type and intensity in the Xantho mining area, with fracture frequency 
domains in underground drill core to quantify a range of silica-rich and chlorite-rich alteration 
assemblages in terms of their altered rockmass behaviour expressed by the RQD index and 
GSI characterisation scheme. 
1.3 Outline 
Chapters 2 introduce the regional geological setting of the Golden Grove area and its 
tectonothermal context within the Murchison Domain of Western Australia. The chapter 
summaries the regional stratigraphy and intrusive history, deformation, metamorphism of the 
Murchison Domain and outlines the tectonic and depositional setting of the volcanic rocks at 
Golden Grove. 
Chapter 3 is a detailed description of the stratigraphy, structural geology, and 
depositional setting of the Gossan Hill Group, which includes the Golden Grove Formation 
host to the Gossan Hill mine. The chapter details the metasomatosed character of the 
volcanosedimentary stratigraphy emphasising the hydrothermal mineral assemblage 
associated with the volcanogenic massive sulfide (VMS) mineralisation at Gossan Hill. The 
two-stage evolution of the regional and ore-forming metasomatic systems identified by 
Sharpe (1999) is explained and the effect on the character of the rockmass is described.  
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Chapter 4 describes the mechanical properties, behaviours, and failure criteria for intact 
rock, discontinuity, and rockmass systems. Firstly, the material properties and the elastic 
and inelastic mechanical behaviours of intact rocks samples are defined from axial testing, 
the mechanisms for brittle and ductile failure are compared, and mathematical failure criteria 
are reviewed. Secondly, the mechanical and geometrical properties of discontinuities are 
outlined and the characterisation and failure criteria reviewed. Thirdly, the rockmass system 
is defined and characterisation and classification schemes used to describe the mechanical 
strength and behaviour of the rockmass system reviewed, with the Geological Strength 
Index (GSI) characterisation scheme discussed in detail. The mechanism fracture and 
cleave into thin disks with uniform spacing and shape in response to the large transient 
stress change during drilling The mechanism of drilling-induced core disking fractures in 
competent massive rockmass is presented and the relationship between the location and 
geometry of high far-field stresses and the location, shape, and attitude of the disk is 
discussed. The chapter finishes with an introduction to numerical modelling methods and a 
discussion of the continuum method employed in the Xantho case study. 
Chapter 5 introduces the processes responsible for metasomatism in the crust and 
details the reactions and conditions that can lead to different types of hydrothermal alteration 
assemblages. Metasomatic processes associated with extensional volcanic basins, 
seawater circulation, and volcanogenic massive sulfides are detailed and the effect on the 
state of the altered rockmass posed. 
Chapter 6 introduces the Xantho case study and outlines the data sources, data 
rationales, and processing techniques used to characterise the altered rockmass. Drill core 
photography is used to calculate the quality of the altered rockmass based on the frequency 
of natural fractures and the hydrothermal alteration assemblage. A quantified version of the 
geological strength index chart that incorporates RQD and the JCond89 Joint Condition 
factor is used to calculate the quality of the rockmass and inputs into the Hoek-Brown 
rockmass failure criterion are defined. The geometry, material properties, and stress 
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conditions for a continuum finite element model that seeks to illustrate the mechanical 
behaviour of rockmass characterised by silica and chlorite alteration adjacent to an 
excavation outlined. 
Chapter 7 discusses in detail the Xantho case study, explaining the rationales, and 
detailing the processes and calculations used to characterise and quantify the altered 
fracture domains into lithological and hydrothermal altered GSI rockmass ratings. The 
location of core disking domains associated with intrusive and volcanosedimentary 
lithologies highlight the role of material competencies and hydrothermal alteration in the 
distribution of high stress. The construction of the numerical FEM model and the 
determination of the material inputs for the Xantho case study area are outlined and the 
results of the simulation presented. The chapter closes with a discussion of the mechanical 
significance of the altered rockmass in the Xantho case study and the major conclusions of 
this thesis are summarised. 
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Chapter 2. Regional Geology of the Golden Grove Domain 
2.1 Introduction 
The Gossan Hill and Scuddles Zn-Cu massive sulfide mines at Golden Grove are hosted 
within volcanoclastic sediments of the Golden Grove Formation of the Mount Gibson Group. 
The volcanoclastic sediments of the Mount Gibson Group form part of the southern section 
of the Yalgoo-Singleton greenstone belt in the recently redefined Murchison Domain of the 
Youanmi Terrain of the Archean Yilgarn Craton (Figure 2-1; (Cassidy, Champion et al. 2006, 
Van Kranendonk, Ivanica et al. 2013). The tectonic setting, depositional history, and 
tectonothermal evolution of the Golden Grove Formation contributed to the character of the 
hydrothermal system active during formation of the stratiform massive sulfide deposits. 
This chapter summarises the newly revised regional geology of the Murchison Domain 
within the Yilgarn Craton, and details the geological, stratigraphy and tectonic setting of 
hydrothermal alteration and massive sulfide mineralisation hosted at the Gossan Hill Mine. 
2.2 Yilgarn Craton 
Understanding of the geological evolution of the Yilgarn Craton has advanced in recent 
years, benefitting from improved analytical techniques, expanded use of whole-rock 
geochronology and isotope chemistry, coupled with high resolution magnetic intensity data 
to delineate geological  terrane and construct crustal evolution (Cassidy, Champion et al. 
2006, Champion and Cassidy 2007, Czarnota, Champion et al. 2010, Van Kranendonk, 
Ivanica et al. 2013). However, the tectonic evolution of the Yilgarn Craton is still unresolved 
and the role of subduction-related arc magmatism and accretionary processes for craton 
formation (Barley, Eisenlohr et al. 1990, Wilde, Middleton et al. 1996, Swager 1997, 
Champion and Cassidy 2007, Barley, Brown et al. 2008, Krapez and Barley 2008, Standing 
2008) is challenged by an alternative model of plume-related, continental ribbon-style rifting 
(Van Kranendonk and Ivanic 2009, Van Kranendonk, Ivanica et al. 2013). The Yilgarn 
Craton consists of linear to arcuate greenstone belts composed of metavolcanic and 
metasedimentary rocks within extensive terranes of granites, and granitic gneiss formed 
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principally between ~3.05 and ~2.62 Ga (Pidgeon and Wilde 1990, Watkins and Hickman 
1990, Myers 1995). Voluminous granite intrusion between 2.76 and 2.62 Ga resulted in the 
amalgamation and assembly of several tectonic entities to stabilise the Yilgarn Craton before 
~2.4 Ga; (Gee, Baxter et al. 1981, Myers 1995, Cassidy, Champion et al. 2006). The Yilgarn 
Craton is divided into seven terranes based on distinct lithostructural criteria, crustal 
histories, and the ages and geochemical character of volcanic rocks (Gee, Baxter et al. 
1981, Cassidy, Champion et al. 2006, Van Kranendonk and Ivanic 2009, Czarnota, 
Champion et al. 2010, Van Kranendonk, Ivanica et al. 2013). The oldest Narryer, South 
West and Youanmi terranes in the west are separated by the crustal-scale Ida Fault from the 
younger Kalgoorlie, Kurnalpi, Burtville and Yamarna terranes, collectively named the Eastern 
Goldfields Superterrane (EGS) (Figure 2-1; (Nutman, Bennett et al. 1993, Wilde, Valley et al. 
2001). Differences in metamorphic grade, age, greenstone belt continuity, and restricted 
rock types distinguish the individual western and eastern terranes (Van Kranendonk, Ivanica 
et al. 2013). Individual terranes consist of smaller domains reflecting distinct 
lithostratigraphic greenstone assemblages bounded by interconnected fault systems 
(Cassidy, Champion et al. 2006, Van Kranendonk, Ivanica et al. 2013). 
The Youanmi Terrane is subdivided into the Murchison Domain which hosted the 
Gossan Hill deposit, and Southern Cross domains on the basis of distinct lithostratigraphic 
assemblages in greenstone belts (Figure 2-1; (Cassidy, Champion et al. 2006, Van 
Kranendonk, Ivanica et al. 2013). The Murchison Domain shares many common 
characteristics of Neoarchean history with the Southern Cross and Eastern Goldfields 
Superterrane and the tectonic evolution of the Murchison Domain largely reflects the 
evolution of the Yilgarn Craton. 
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Figure 2-1. Simplified lithotectonic map of the Yilgarn Craton, showing location of Golden Grove 
Mine and the interpreted terranes and domain. Modified from Van Kranendonk et al (2013), after Cassidy 
et al. (2006) 
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2.3 The Murchison Domain 
2.3.1 Stratigraphy 
The revised stratigraphy of the Murchison Domain proposes new stratigraphic relations 
that are based on the presence and age determination of (ultra-) mafic–felsic volcanic–
sedimentary cycles to define four autochthonous volcano-sedimentary groups (Figure 2-2 
and Figure 2-3;  (Van Kranendonk and Ivanic 2009, Van Kranendonk, Ivanica et al. 2013). 
The oldest know component is the Mount Gibson Group (2960 - 2930 Ma; (Watkins and 
Hickman 1990, Yeats, McNaughton et al. 1996, Wang, Schiøtte et al. 1998, Van Kranendonk 
and Ivanic 2009, Van Kranendonk, Ivanic et al. 2011). This group is only known to occur in 
the Yalgoo-Singleton greenstone belt in the southern part of the Murchison Domain where it 
hosts the Golden Grove massive sulfide mines (Clifford, MacMahon et al. 1990, Clifford 1992, 
Wang, Schiøtte et al. 1998). The Mount Gibson Group is composed of the lower Orion 
Formation (≥ 2960 Ma; (Van Kranendonk, Ivanic et al. 2011) and the upper non-conformable 
Golden Grove Formation (2960 -2930 Ma; (Wang, Schiøtte et al. 1998, Van Kranendonk, 
Ivanic et al. 2011). The Orion Formation comprises a succession of low- and high-Mg 
tholeiitic basalt and minor Komatiitic basalt interpreted to represent regionally extensive, lava 
plain volcanism (Watkins and Hickman 1990, Myers 1995). The Golden Grove Formation is 
composed predominantly of felsic and intermediate volcanic, felsic volcaniclastic and 
chemical sedimentary deposited in a deep subaqueous environment where it was later 
mineralized during further extension, mid-crustal melting, and hydrothermal circulation to form 
the stratiform Gossan Hill and Scuddles massive sulfide deposits (Clifford, MacMahon et al. 
1990, Clifford 1992, Sharpe 1999, Van Kranendonk, Ivanic et al. 2011, Stewart 2013). At 
Gossan Hill, the Golden Grove Formation is approximately 2.5km thick and unconformably 
overlain by volcanoclastic sediments and banded-iron formations rocks equivalent in age to 
the basal Norie Group that occurs in the three northern greenstones (Figure 2-3; (Van 
Kranendonk and Ivanic 2009, Van Kranendonk, Ivanica et al. 2013). 
 13 
 
The three northern greenstones collectively represent three dismembered sections of a 
single succession, sharing common lithostratigraphic and chronostratigraphic components 
affected by younger faults and ductile shear zones (Van Kranendonk, Ivanic et al. 2011, Van 
Kranendonk, Ivanica et al. 2013). The basal Norie Group is comprised of the lower Murrouli 
Basalt and the upper Yaloginda Formation (≥2815 - 2805 Ma; (Van Kranendonk and Ivanic 
2009, Van Kranendonk, Ivanica et al. 2013). The Murrouli Basalt comprises a 4km thick 
succession of interbedded pillowed and massive, tholeiitic and komatiitic basalt, which is 
conformably overlain by approximately 500m of fine- to medium-grained felsic volcaniclastic 
sedimentary rocks and interbedded units of ferruginous shale and/or banded iron-formation 
of the Yaloginda Formation (Van Kranendonk and Ivanic 2009, Van Kranendonk, Ivanica et 
al. 2013). The Polelle Group (2800 - 2730 Ma; (Van Kranendonk and Ivanic 2009, Van 
Kranendonk, Ivanica et al. 2013), has a thin (100m), discontinuous formation of quartzite and 
metamorphosed iron-formation called the Coodardy Formation that may represent a hiatus in 
sedimentation prior to deposition of the Polelle Group (Figure 2-3). The majority of the group 
consists of approximately 2500m of tholeiitic basalt, komatiitic basalt, komatiite, and thin 
interflow felsic volcaniclastic sedimentary rocks of the Meekatharra Formation conformably 
overlain by up to 5km of andesitic to rhyolitic volcanic and volcaniclastic rocks of the 
Greensleeves Formation (Figure 2-3). The Glen Group (2735-2710 Ma; (Van Kranendonk 
and Ivanic 2009, Van Kranendonk, Ivanica et al. 2013), consists of a lower, ≤1 km thick 
sequence of clastic sedimentary rocks of the Ryansville Formation, which is conformably 
overlain by ≤3 km of komatiitic basalt and rhyolite of the Wattagee Formation (Figure 2-3). 
2.3.2 Structure 
The newly established stratigraphy permitted Van Kranendonk et al., (2013) to re-
interpret the structural evolution of the Murchison Domain based on geochronology, mapping 
of unconformities, and the orientations of structural elements. Van Kranendonk et al., (2013) 
recognised four structural events DV1- DV4 in the Murchison Domain compared to the DW1- 
DW5 evolution proposed by Watkins & Hickman (1990). Both schemes recognised the same 
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lithostructural elements, but newly defined geochronology and disconformity relations in the 
Mount Gibson and Norie Groups resolved DW1 into two distinct events (DV1; DV2), while field 
mapping of bedding-foliation geometries and mapping strain gradients in greenstone belts 
and shear zones has allowed DW3- DW5 to be merged into a single long-lived (~30Ma) DV4 
event. The oldest deformation event is recognised in the Golden Grove area of the southern 
part of the Murchison Domain (Figure 2-4). Tilting of the ~2950 Ma Mount Gibson Group 
prior to being unconformable overlain by the ~2810 Ma Norie Group equivalents is 
recognised as D1 (Clifford, MacMahon et al. 1990, Clifford 1992, Wang, Schiøtte et al. 
1998). Tilting and local folding of the Norie Group and the 2730 Ma Polelle Group further 
north within the Yalgoo area is recognised as D2 (Thompson, Watchorn et al. 1990, Watkins 
and Hickman 1990). The ~2730 Ma Glen Group unconformably overlies the Polelle Group 
and is folded into a series of small- to large-scale, east–west trending tight to isoclinal folds 
(Watkins and Hickman 1990), recognised as D3 structures. A later set of overprinting north 
to north-northeast trending folds and north-northeast striking foliations and dextral ductile 
shear zones are recognised as D4 structures. D4 structures are widespread across the 
domain and concentrated to form the NNE-striking Mount Magnet-Meekatharra structural 
corridor (Spaggiari 2006).  
2.3.3 Regional metamorphism 
With the exception of crosscutting, igneous dykes and most post-folding granitoids all 
rocks in the Murchison Domain are metamorphosed. Distribution of metamorphic facies in 
the Murchison Domain results from superimposition of three types of metamorphism, 
designated M1, M2, and M3 by Watkins and Hickman (1990). Across the domain grades 
range from prehnite-pumpellyite to granulite facies (Watkins and Hickman 1990)however, 
the majority of metamorphism across the Murchison Domain varies from lower amphibolite 
to lower greenschist and prehnite-pumpellyite facies(Van Kranendonk, Ivanica et al. 2013). 
M1 is only of local importance occurring as upper amphibolite and granulite facies contact 
aureoles up to several hundred metres wide in greenstone rocks associated with large, 
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layered mafic and ultramafic intrusions(Watkins and Hickman 1990, Van Kranendonk, 
Ivanica et al. 2013). M2 is also a result of contact metamorphism associated with thick 
sheets of pegmatite-banded gneiss and recrystallized monzogranite intrusions emplaced into 
the base of the greenstone sequence (Watkins and Hickman 1990). The M2 event is 
allochronic and associated with intruding granitoid widely separated in time but grouped as 
one metamorphic facies as their thermal aureoles are identical in style and grade. M3 
metamorphism characterises the mainly regional greenschist facies metamorphism of 
greenstone belts, pegmatite-banded gneiss, and recrystallized monzogranite (Watkins and 
Hickman 1990). Minor changes to the metamorphic grade occur with prehnite-pumpellyite 
facies occurring towards the centres of some greenstone belts and amphibolite facies 
generally restricted to the margins of granitoid intrusions. 
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Figure 2-2. Simplified geological map of the north-eastern Murchison Domain showing the position 
of Golden Grove Mine in the Yalgoo-Singleton greenstone belt and highlighting the location of mafic-
ultramafic intrusive suites relative to major shears and greenstones 
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Figure 2-3. Stratigraphic scheme for the Murchison Domain, divided into three main columns for supracrustal rocks, granitic rocks, and mafic-ultramafic 
intrusive rocks (Van Kranendonk et al., 2013)
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2.3.4 The Warriedar Fold Belt 
The Gossan Hill and Scuddles massive sulfide deposits are hosted within the 
supracrustal rocks of the Golden Grove Domain (Clifford, MacMahon et al. 1990, Clifford 
1992), situated along the northeast flank of a large structural domain known as the 
Warriedar Fold Belt (WFB) (Figure 2-4). Baxter (1982) was the first to describe the WFB as 
bounded by the Mongers Fault to the east and by granitoids elsewhere, highlighting the 
continuous nature of the relatively non-deformed domains of supracrustal stratigraphy, which 
are separated by five narrow domains of high strain (Figure 2-4a; (Baxter 1982, Clifford, 
MacMahon et al. 1990, Clifford 1992, Sharpe 1999, Van Kranendonk, Ivanica et al. 2013). 
Within the WFB, metamorphism is predominantly greenschist facies defined by a chlorite-
albite-quartz assemblage in mafic lithologies, and by a quartz-albite-muscovite-chlorite 
assemblage in felsic volcanics and volcano-sedimentary rocks (Watkins and Ahmat 1988, 
Clifford, MacMahon et al. 1990, Clifford 1992). Recent structural mapping at the Gossan Hill 
mine by Stewart (2013) outlines a predominantly extensional structural model for evolution of 
the Golden Grove Domain (Figure 3-2). Stewart (2013) interpreted early extension and block 
rotation followed by compression and buttressing of the tilted blocks leading to sinistral 
shearing; an interpretation that largely ratifies the revised tectonostratigraphic evolution 
proposed by Van Kranendonk et al., (2011, 2013). 
2.3.5 The Tectonic Setting of the Golden Grove Domain 
Two competing models for Neoarchean crustal evolution have been proposed for the 
Yilgarn Craton: (1) arc and back-arc related volcanism, arc accretion, and collisional 
orogenesis and, (2) mantle plume-dominated volcanism, continental extension, partial 
melting and convective of the felsic middle crust (Van Kranendonk, Ivanica et al. 2013 and 
references therein). Both models generate the extensional setting and a deep subaqueous 
environment proposed for the Golden Grove Domain and the seafloor volcanogenic massive 
sulfide (VMS) system (Clifford, MacMahon et al. 1990, Clifford 1992, Sharpe 1999), but the 
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timing and ages of VMS mineralisation and mafic-(ultra) underplating at the base of the 
Mount Gibson Group (Sharpe 1999, Stewart 2013) favour a plume-related setting. 
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Figure 2-4. Geology of the Golden Grove Domain within the Warriedar Fold Belt: (a) Regional setting of the Scuddles and Gossan Hill mines (after Sharpe & 
Gemmell (2002); (b) Cartoon of northern section of the Golden Grove Domain showing MMG tenement boundary over local geology 
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Chapter 3. Stratigraphy of the Golden Grove Domain 
The stratigraphy of the Golden Grove Domain was formally defined by Clifford (1992) 
using the stratigraphic subdivisions of Watkins and Hickman (1990). The revised stratigraphy 
of Van Kranendonk et al., (2011, 2013) places the Golden Grove Domain within the Golden 
Grove Formation (Gabanintha Formation of Clifford, (1990, 1992)), of the Mount Gibson 
Group resulting in an inconsistent hierarchical classification of the units when moving 
between stratigraphic schemes (c.f. Figure 2-3 and Figure 3-1). However, as the stratigraphy 
nomenclature of Clifford (1990, 1992) is employed at the Gossan Hill and Scuddles mines it 
is adopted here for consistency. Clifford (1990, 1992) divided the stratigraphy of the Golden 
Grove Formation into the Gossan Hill Group, which is conformably overlain by the 
Thundelarra Group, which is conformably overlain by the Minjar Group. The Gossan Hill 
massive sulfides are hosted within the felsic volcanoclastic sediments of the Golden Grove 
Formation in the Gossan Hill Group and these lithologies will be discussed in detail while 
the Thundelarra and Minjar Groups are not discussed further. 
3.1 Gossan Hill Group 
The Gossan Hill Group represents the lowest preserved stratigraphic component of the 
Golden Grove Domain (Figure 3-1) and consists of a sequence of reworked felsic 
volcaniclastic and coherent volcanic rocks that range in thickness between 2800-3100m with 
a north-south strike extent of ~28 km (Figure 2-4; (Clifford, MacMahon et al. 1990, Clifford 
1992, Sharpe 1999). The Gossan Hill Group contains five conformable formations: Shadow 
Well, Gossan Valley, Golden Grove, Scuddles, and Cattle Well Formations. 
Volcanogenic massive sulfide (VMS) mineralisation occur at several lithological horizons 
within the Golden Grove Formation at the Gossan Hill Mine, and within the lower lithologies 
of the Scuddles Formation at the Scuddles Mine (Clifford, MacMahon et al. 1990, Clifford 
1992, Wang, Schiøtte et al. 1998, Sharpe 1999, Sharpe and Gemmell 2001, 2002).
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Figure 3-1. Stratigraphic scheme for the Gossan Hill Group within the revised Golden Grove Formation of the Mount Gibson Group in the Murchison Domain 
showing the stratigraphic location of massive and stringer sulfides in the Gossan Hill Mine (modified from Clifford, 1992; Van Kranendonk et al., 2011, 2013)
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3.1.1 Shadow Well Formation 
The Shadow Well Formation is the lowest stratigraphic formation of the Gossan Hill 
Group and has a reported thickness varying from 150 to 1100 m (Figure 3-1). The Shadow 
Well Formation consists of poorly sorted quartz-feldspathic sandstone with lower intrusive 
contacts against recrystallised monzogranite and a conformable upper contact with the 
overlying Gossan Valley Formation. Several post-folding granitoid also intrudes the Shadow 
Well Formation south of Gossan Hill (Figure 2-4b). 
3.1.2 Gossan Valley Formation 
The Gossan Valley Formation consists of matrix and clast supported polymict sandstone 
and breccia, with minor felsic and mafic volcanic facies with a reported thickness varying 
from 170 to 920 m (Figure 3-1). Facies associations within the formation allows sub-divided 
into four conformable members (Harris, Ashley et al. 1982, Ashley, Dudley et al. 1988); 
detailed in Clifford, (1990, 1992). The formation has conformable upper and lower contacts 
with the lower Shadow Well Formation and the upper Golden Grove Formation. Post-folding 
granitoid intrude the formation south of Gossan Hill (Figure 2-4b). 
3.1.3 Golden Grove Formation 
The Golden Grove Formation (GGF) consists of a 75 to 800 m thick sequence of 
reworked sediments of juvenile rhyolite to andesite tuffaceous debris, minor sedimentary 
rocks, and felsic to intermediate volcanic rocks (Figure 3-1). The GGF has conformable 
lower contacts with the lower Gossan Valley Formation, and variable discordant to 
conformable contacts with volcanics of the overlying Scuddles Formation (Clifford, 
MacMahon et al. 1990, Clifford 1992, Sharpe 1999). Post-folding granitoid intrude the GGF 
south of Gossan Hill (Figure 2-4b). 
The GGF is sub-divided into six stratigraphic members GG1-GG6 (Figure 3-1) (Clifford, 
MacMahon et al. 1990, Clifford 1992). Intense hydrothermal alteration zones surround sheet-
like Zn-Cu-rich horizons in the upper GG6, sulfide stringers in the GG5 member, and 
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discordant stockwork and podiform magnetite in the lower GG4 (Figure 3-1); (Sharpe 1999). 
Alteration is so intense that it is difficult to describe the lithological composition of the 
stratigraphy without referring to the hydrothermal alteration as most rocks at Gossan Hill 
consist almost entirely of secondary alteration minerals with little textural preservation 
(Sharpe 1999). The ubiquitous nature of chlorite and silica metasomatism at Gossan Hill 
prohibit the use of mineralogy as an effective diagnostic criterion for subdividing strata. 
However, volcanic quartz is largely nonreactive during metasomatism and its textural 
preservation in a number of lithologies allowed Clifford (1990) to correlate lithofacies and 
subdivide the GGF based on examination of well-preserved volcanic textures and their 
depositional environment (Sharpe 1999). 
As the focus of this project is to investigate the effect that hydrothermal alteration has on 
the behaviour of the rockmass at Gossan Hill, the altered stratigraphy of the six GGF 
members are described in detail in Section (0). 
3.1.4 Scuddles Formation 
The Scuddles Formation is a 730 to 990 m thick sequence of massive felsic volcanics 
rocks and associated autoclastic facies of a dacite to rhyodacite composition dacite 
volcanics with sedimentary rocks in the central part of the Golden Grove Domain (Figure 2-4 
and Figure 3-1) (Sharpe 1999). The lower contact with the GGF is commonly locally 
disconformable and feeder dykes transgress the contact erupting as overlying volcanic flows 
and intrusive-extrusive domes; the upper contact is conformable with the Cattle Well 
Formation. The Scuddles Formation has four members but only Member 2, a large 
rhyodacite flow with breccia facies (SC2RHD) is considered in this thesis as it forms the 
hangingwall to mineralisation at Gossan Hill (Figure 3-1). 
3.1.5 Cattle Well Formation 
The Cattle Well Formation is a 900 to 1450 m thick sequence of poorly to moderately 
sorted polymict sandstone and breccia with minor coherent basalt (Figure 3-10, (Sharpe 
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1999). The formation is conformable with the underlying Scuddles Formation and the 
overlying Thundelarra Group.  
3.2 The Structure of the Gossan Hill Mine 
The Golden Grove Domain is characterised by a complex series of ductile and brittle 
fabric forming episodes produce over extended periods of faulting, folding, and shearing 
(Frater 1983, Clifford, MacMahon et al. 1990, Clifford 1992, Sharpe 1999, Stewart 2013). 
The Gossan Hill stratigraphy is steeply overturned and westward younging, crosscut by 
brittle faulting, igneous intrusions, and locally significant folding and shearing (Figure 2-4, 
(Clifford, MacMahon et al. 1990, Clifford 1992, Stewart 2013). Early structural models for the 
Gossan Hill Group describe periods of deformation using the D1-D5 nomenclature outlined 
for the Murchison Province by Watkins and Hickman, (1990). More recent structural mapping 
at Gossan Hill by Stewart (2013), (Figure 3-2) underpins a predominantly extensional 
structural model at Golden Hill equivalent with the revised tectonostratigraphic proposed by 
Van Kranendonk et al.,(2011, 2013). Based on ductile and brittle fabric paragenesis and 
reactivation Stewart (2013) delineated a tectonic history of early extension, block rotation, 
and erosion followed by buttressing of the tilted blocks during compression and later sinistral 
shearing facilitated by stratigraphy-controlled shortening and fabric reactivation (Figure 3-2). 
The southwest dipping steeply overturned and westward younging volcanosedimentary 
stratigraphy at Gossan Hill lacks fold-related repetition of the stratigraphy and is the result of 
early block tilting (Stewart 2013). Variations in the attitude of bedding and the development of 
a penetrative crenulation cleavage supports a shear-dominated process that formed SW-
vergent, NW-plunging folds in steeply dipping strata. Changes in stratigraphic thickness 
parallel to strike are a function of fault geometry and depositional processes in the developing 
basin. Units tend to be thicker on the NW side of ~N-S to NNE trending faults and exhibit 
stratigraphic thinning towards the NW. 
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Figure 3-2. Structural map of Gossan Hill (Stewart, 2013; Faults with dip– red; Fold hinge line with dip– black; S2 – blue; S3 – green; S3 C-plane – grey) 
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Stewart (2013) used fabric paragenesis and reactivation history to argue for an overall 
extensional setting the Gossan Hill; a summary of these observation follows. Present 
throughout the Golden Grove Domain early ductile deformation is characterised by a 
bedding-parallel foliation (S1). Similar structural fabrics are common in extensional 
environments where they record rifting, normal faulting and horst and grabens development. 
The S1 foliation is characterised as a fine- to coarse slaty foliation variable developed within 
silty volcaniclastics, pelitic interbedded sediments and dolerite (Stewart 2013). There is a 
degree of variability in how the fabric developments in each lithologies suggesting strain 
incompatibility stemming from different intact and rockmass elastic properties (i.e. rheology 
and competency). The S2 foliation is defined by a fine crenulation cleavage and/or localised 
development of shear-band style S-C’ shear zones (Figure 3-2), (Stewart 2013). S2 displays 
two main orientations: a WNW-striking and dominantly NNE-dipping, and NNW-striking and 
subvertical. These orientations are consistent with stratigraphy-parallel shearing normal to 
S0/S1 with sinistral and dextral offsets. The development of S2 is consistent with regional 
extensional processes where strain partitioning into D2 shear zones producing local wrapping 
and folding, but inhibits macro-scale folding and repetition of the stratigraphy. F2 folds that 
exhibit an overall inclination towards the NW and plunge from SW to NE, likely had a 
subhorizontal plunge prior to F3 with shallow-moderate NW-inclined axial planes. The S3 
fabric is a steeply SW-dipping penetrative crenulation cleavage developed in all exposed 
areas and is characterised by a slaty appearance due to a composite relationship with pre-
existing fabrics (Figure 3-2), (Stewart 2013). S3 formed during the reactivation of S0-parallel 
shears and stratigraphy-oblique shear zones (e.g. N-S-trending Racehorse Fault), is closely 
associated with a spaced, stratigraphy-parallel S4 (or S3 C-plane?), crenulation/shear fabric 
at Gossan Hill. F3 folds plunge moderately NW and steeply SE, consistent with the refolding 
of F2 structures. Folds are strongly localised and appear to have only affected zones that 
were oblique to the general NW-trending stratigraphy. The S4 fabric parallels major shears 
and stratigraphic contacts in the NE and SW of Gossan Hill where it can form a NW-SE 
trending crenulation cleavage and/or dissolution/fracture/shear-band cleavage (Figure 3-20), 
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(Stewart 2013). The S4 fabric overprints S3 in narrow, NNW- to NS-trending shears 
suggesting localised reactivation of pre-existing fabrics and/or bedding surfaces. 
Crosscutting dacite dykes appear to have propagated along these ~NE-trending D4 
tensional structures during NE-SW oriented shortening where they crosscut F3 folds. 
Brittle deformation in the form of faults, fractures, and joints developed late in the 
structural history of Gossan Hill most likely in response to tensional fracturing during late D3 
to D4 deformation. At Gossan Hill, brittle faults and intrusive dykes are orientated sub-
parallel to earlier ductile D2 structures suggesting a pre-existing structural control 
(Figure 3-2). A series of NNW trending dextral shears strike parallel to dolerite and rhyolite 
dykes and the S3 crenulation and truncate F2 folds and mineralised gossans. At Gossan 
Hill, these NNW-trending faults can be overprinted by, or splay off, major NW-trending 
reverse fault inferred to have initiated early in the basin history (Stewart 2013). NW- to 
WNW-trending sinistral-reverse, stratigraphy-parallel shears with dominantly SW-side-up 
oblique movements may have excised missing stratigraphy and probably acted as loci for 
extensional shearing. Rhyolite dykes and dolerite dykes appear localized along these NW- 
and ~NS-trending faults acting as later stress guides during post-emplacement deformation. 
Later ENE- to N-S-trending normal faults, dolerite dykes and dacite dykes subparallel F2 
folding at Gossan Hill and can affect the continuity of stratigraphic. The association of 
dolerite with S2-S3 fabrics and faults provides evidence for a temporal association. These 
tensional faults and the parallel dyke are gently folded, suggesting that the parallel shears 
were reactivated with sigmoidal geometries indicative of perturbation during sinistral shear. 
These later acted as a buttressing structure with mineralization being located and preserved 
within the hangingwall block (Stewart 2013). 
3.3 Depositional environment and Volcanogenetic massive sulfides at Gossan Hill 
The lithologies hosting the Gossan Hill mine are dominated by felsic to andesitic 
volcaniclastic and volcanic rocks with subordinate mafic volcanics. Clifford (1990) 
constructed the depositional environment for the Golden Grove Domain by comparing and 
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contrasting the physical attributes of crystal sorting and enrichment, grading, bedding and 
the abundance and morphology of lithic fragments within the five units, each representing a 
distinct phase of basinal development. The lithofacies at Gossan Hill have been interpreted 
to form a coherent stratigraphic succession that was deposited within a deep subaqueous 
environment, within a rifted (possibly back-arc) setting on either continental or oceanic 
basement (Clifford, MacMahon et al. 1990, Watkins and Hickman 1990, Clifford 1992, 
Sharpe 1999, Van Kranendonk, Ivanic et al. 2011, 2013). The Shadow Well Formation 
records the start of sedimentation in the basin with influxes of weathered granitic and 
gneissic detritus sourced from basement exposed during extensional uplift and basinal 
subsidence. The Gossan Valley Formation signals an abrupt change in sediment source 
rocks with andesitic volcanic debris reworked into the basin as mass-flow sedimentation. 
The Golden Grove formation records an ongoing succession of mixed provenance litharenite 
sedimentation that was periodically interrupted by the emplacement of juvenile rhyodacitic 
pyroclastic debris as rapid, large volume mass flows (Sharpe 1999). Sedimentation was 
capped by a major pulse of effusive felsic volcanism into the basin forming the lateral flows 
of the Scuddles Formation. The upper contact of the Scuddles Formation marks the end of 
the Gossan Hill Group and the cession of volcanism at this time. The overlying Cattle Well 
Formation at the base of the Thundelarra-Minjar Groups representing a return to ongoing 
background and mass-flow sedimentation in a deep subaqueous environment. 
Volcanogenetic massive sulfide (VMS) deposits similar to Gossan Hill develop in crustal 
settings dominated by back-arc extensional processes that are characterised by elevated 
temperature gradients, crustal thinning, horst and graben style faulting, and structurally 
controlled volcanism, the circulation of metasomatic fluid, and syngenetic mineralisation (e.g. 
Sharpe and Gemmell 2002). The metasomatic processes responsible for the intense 
hydrothermal alteration and deposition of massive sulfides within the Gossan Hill 
stratigraphy evolved as the volcanic basin formed. As crustal thinning progressed, thermal 
energy from partial melting in the lower crust initiates the drawdown of cold seawater into the 
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crust. As the seawater circulates through the porous volcanic lithologies the rock: water 
system undergoes base-exchange and ionic reactions on a regional scale, facilitated by the 
rising thermal energy at depth. These ionic exchange reactions liberate K-Na-Si-Mg-Fe-Zn-
Cu ions for the rock and can reach saturation levels in the seawater solution and precipitate 
secondary alteration minerals. At Gossan Hill, early seawater hydrolysis of the felspathic 
volcanic material formed secondary muscovite in the volcanic groundmass that severally 
reduced porosity and restricted later fluid migration. Mineralisation at Gossan Hill formed 
from a second metasomatic process where the heated seawater solution becomes buoyant, 
rising upwards along faults and through porous lithologies to vent upon the seafloor or 
replace porous lithologies sub-seafloor in a setting analogues to modern day seafloor ‘black 
smokers’ common along the mid-Atlantis spreading-centre. Massive sulfides at Gossan Hill 
are situated in the hangingwall of normal faults that active feeder faults and percolate 
pathways (Stewart 2013). Seawater solution infiltrating into the strata near the feeder fault 
where it reacts with the earlier muscovite alteration in the epiclastic groundmass sub-
seafloor replacing it with a ubiquitous silica-chlorite assemblage (Sharpe 1999, Sharpe and 
Gemmell 2001, 2002). 
At Gossan Hill VMS mineralisation extends across three stratigraphic members of the 
Golden Grove Formation (GG4-GG5-GG6) replacing permeably layers of tuffaceous-
epiclastic sandstone-siltstone with massive sulfides in GG4 and GG6, connected by a 
stringer zone of sulfide veins traversing the massive tuffaceous GG5 sandstone (Sharpe 
1999, Sharpe and Gemmell 2001, 2002). The lower GG4 is characterised by massive 
magnetite, pyrite, and Cu-rich sulfides enveloped by a stockwork of stringer sulfides and 
intense silica-chlorite alteration. The upper GG6 hosts massive Zn-rich sulfides and pyrite 
with an envelope of sulfide stringers and intense silica-chlorite alteration.  
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3.4 Stratigraphy and Alteration of the Gossan Hill VMS Deposit 
The doctoral thesis by Sharpe (1999), using the stratigraphy of Clifford (1992), presents 
the most detailed description of the altered volcanoclastic lithologies of the six members 
(GG1-GG6) of the Golden Grove Formation at the Gossan Hill Mine (Figure 3-1). Sharpe 
(1999) describes the Gossan Hill lithologies in terms of their altered compositions, noting the 
difficulties of describing the lithologies at Gossan Hill without describing their intense quartz-
chlorite alteration; an approach adopted here. The following sections summaries Sharpe’s 
(1999), descriptions of the lithostratigraphy of the Golden Grove Formation (GGF), and 
discusses in detail, the character and occurrence of hydrothermal alteration associated with 
the mineralised GG4-GG5-GG6 lithologies at Gossan Hill. 
3.4.1 GG1 Member 
At Gossan Hill, the GG1 member consists of an approximately 120 m sequence of thinly 
bedded tuffaceous sandstone interbedded with pebble breccia facies interpreted as a 
volcaniclastics mass flow deposit (Sharpe, 1999; Clifford, 1992). Along strike, the upper 
contact of GG1 is conformable and at times interbedded with one of three overlying 
volcanoclastic members due to the laterally discontinuous nature of the GG2 and GG3 
members, and forms the footwall to GG4 mineralisation at Gossan Hill (Clifford, 1992).  
The thinly bedded sandstones consist of volcanic quartz and angular to subrounded 
pumiceous lithics or shards (Sharpe 1999). The lithic clasts and fine-grained sandstone 
matrix are completely altered to quartz and chlorite, preserving mosaics of once porous 
volcanic tube striations and vesicle structures, in a formerly glassy, shard-rich material. 
Volcanic quartz grains have reaction margins along grain boundaries and fractures 
comprising overgrowths of microcrystalline quartz. Quartz grains embayment and undulose 
extinction of strained quartz can be common. Further relict pore space within the closed 
framework of the coarse-grained sandstone and pebble breccia are preserved as vughs 
infilled with secondary minerals during diagenesis and hydrothermal alteration.  
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The pebble breccia beds are rich in pumiceous lithics forming a clast-supported 
framework with a variable quartz grain distribution. The lithic clasts are entirely altered to a 
mosaic of interlocking megaquartz, microcrystalline quartz, and chlorite. The matted 
character of the phyllosilicate chlorite alteration rarely preserves volcanic textures, while the 
massive silica (quartz) alteration floods the porous lithics resulting in good textural 
preservation. Reaction textures in quartz grains include secondary quartz overgrowths, 
embayment, grain fracture often with jigsaw fit textures, recrystallisation of quartz to 
microcrystalline quartz mosaics along and outward from fractures, and undulose extinction 
(Sharpe 1999). 
3.4.2 GG2 and GG3 Members 
The laterally discontinuous character of the GG2 and GG3 members represent a gentle 
period of ambient sedimentation and minor volcanism at Gossan Hill (Sharpe, 1999; Clifford, 
1992). The occurrence of each member reflects the undulating nature of the paleo-seafloor 
with their non-deposition reflecting topographically elevated areas. 
At Gossan Hill, GG2 consists of intensely silicified, thinly bedded sandstone with mixed 
provenance lithics and andesite facies, siltstone, and polymict pebble breccia. GG3 consists 
entirely of tuffaceous volcaniclastic facies with thinly to medium bedded, pumiceous, and 
quartz-bearing sandstones and pebble breccia. The maximum thickness of both members 
occurs directly below Cu-magnetite mineralisation at Gossan Hill indicating deposition in a 
paleo depression. Maximum thickness occurs adjacent to a DAC3 dacite intrusion 
interpreted to have intruded along a major structure responsible for feeding ore fluids into the 
overlying GG4 and GG6 members; this suggests deposition occurred within a growth fault 
active during basin development. 
3.4.3 GG4 Member 
At Gossan Hill, the GG4 member has a maximum thickness of approximately 100 m near 
the massive sulfide and massive magnetite mineralisation (Clifford, 1992). GG4 is composed 
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of stratified, rhyolitic, thinly-(<2 mm) to thickly bedded (<1 m) quartz-rich siltstone to 
sandstone in its basal parts, and more thickly bedded (<5 m) sandstone to granule or pebble 
breccias rich in pumice lithics in its upper parts (Clifford, 1992; Sharpe, 1999). Bedding 
contacts vary throughout GG4 from planar to locally undulose and scoured. 
Volcanic quartz is a diagnostic component in the GG4 lithologies with modal abundances 
up to 10 –15 % in crystal-rich sandstone (Sharpe, 1999). The preservation of the primary 
quartz grains in lithologies altered by intense chlorite alteration allows bedding to be defined 
by changing modal abundances (Sharpe, 1999). Quartz grains are commonly embayed and 
fractured with a jigsaw fit and optically continuous quartz overgrowths indicating formation 
post-embayment (Sharpe, 1999). Deformed quartz is characterised by undulose extinction, 
cleavage wrapping, and the growth of secondary quartz-chlorite pressure shadows. Lithic 
clasts are quartz-phyric, formerly glassy, pumiceous shards, tubes, striations, and vesicular 
fragments, completely altered to megaquartz and microcrystalline quartz that preserves the 
primary volcanic textures (Sharpe, 1999). In areas of intense chlorite alteration, primary 
volcanic textures are obliterated to an extent that only rare morphological features from 
pumiceous lithic clasts are preserved. A fine-grained lithic-rich, formerly glassy, pumiceous 
fraction forms siltstone and sandstone beds, and the matrix to coarser-grained sandstone 
and breccia (Sharpe, 1999). The texture of the fine fraction is well preserved in silica-altered 
domains where it consists entirely of megaquartz and microcrystalline quartz, but is poorly 
preserved within most chlorite alteration. Rare polymict breccia form narrow (<2 m wide) 
discontinuous boudinaged lenses consisting of coarse grained, poorly sorted and clast 
supported facies. Breccia clast types are commonly silicified, bedded sandstone and 
siltstone, but include massive pyrite, and chert within a dark grey-green, fine-grained 
intensely silicified sandstone matrix (Sharpe, 1999). Occurring adjacent to the lower 
stratigraphic contact of GG4 at Gossan Hill, the breccia clasts are enclosed by massive 
pyrite or are conformable to quartz-rich sandstone. The lower contact of GG4 is variable at 
Gossan Hill where it can be faulted, intruded, conformable and interbedded with GG1 and, 
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where present, sharp and conformable with GG2 and GG3 (Clifford, 1992; Sharpe, 1999). 
The upper contact of GG4 is sharp, conformable, and defined by the changes in quartz 
abundance and lack of bedding defining the base of the massive GG5. 
3.4.4 GG5 Member 
The GG5 member consists of massive pumiceous and shard-rich sandstone to granule 
breccia that varies in thickness from 10 to 50 metres thickness at Gossan Hill where it 
underlies the thickest deposit of Zn-rich sulfides and overlies the thickest deposit of Cu-rich 
massive sulfide (Sharpe, 1999; Clifford, 1992). 
GG5 is a sequence of dark grey, massive sandstone to granule breccia with less than 
1% volcanic quartz and scarce visible lithic clasts (Clifford, 1992). Overall, GG5 has a 
relatively homogeneous appearance, having only minor variation in quartz or lithic clast 
components with rare grading and bedding ghosting through the strong ubiquitous quartz-
chlorite alteration (Sharpe, 1999). GG5 contains less than 1% model volcanic quartz 
consisting of anhedral to subhedral grains with curviplanar margins commonly with post-
embayment optically continuous quartz overgrowths, and fractures; undulose extinction is 
rare. Lithic clasts in GG5 are generally less than 1 mm and consist of predominantly silica-
altered pumiceous shards, tubes and shreds scattered through the fine-grained shard-rich 
matrix (Sharpe, 1999). Pumiceous clasts have blocky to tabular shapes and commonly 
contain well-preserved tube striations, particularly where altered to quartz. Vesicle wall 
structures in pumiceous lithics are altered to quartz and the relict porosity infilled by quartz-
chlorite. In zones of strong alteration, the fine fraction pumiceous lithic clasts and shards are 
wholly recrystallised with strong but variable textural destruction preserving only minor 
texture ghosting through (Sharpe, 1999). At Gossan Hill, GG5 is intruded by large sub-
vertical dacite dykes intrude GG5 as feeders for the overlying lavas of the Scuddles 
Formation (Figure 3-1). Shallow sills branch from dykes and commonly parallel the upper 
and lower stratigraphic contacts in GG5 (Clifford, 1992; Sharpe, 1999). The lower contact is 
sharp and conformable with GG4, while the upper contact is conformable and interbedded 
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upper with GG6 sediments. The GG5 upper contact is defined by the first appearance of 
thinly bedded sandstone, siltstone and pebble breccia characteristic of GG6 (Sharpe, 1999; 
Clifford, 1992).  
3.4.5 GG6 Member 
The GG6 member consists of five distinct facies of, (1) mixed provenance litharenite 
facies, (2) tuffaceous volcaniclastic facies, (3) chert facies, (4) massive oxide facies, and (5) 
massive sulfide facies (Clifford, 1992), that Sharpe, (1999), interpreted to represents 
continuous background sedimentation in a volcanic basin. The lower contact of the GG6 
member is interbedded and conformable with GG5 and consists of less than 1 m intervals of 
thinly bedded sandstone, siltstone and breccias separated by up to 10 m of massive GG5 
sandstone, while the upper contact is locally unconformable against the SC2-RHD 
rhyodacite of the Scuddles Formation (Figure 3-1; Clifford, 1992; Sharpe, 1999). The 
dominant facies in GG6 is the mixed provenance litharenite facies that has a lensoidal 
distribution and variable thickness range of 10-100 metres. The thickest section of 100 m is 
located adjacent to the main feeder dacite intrusion, where it hosts massive sulfide 
mineralisation, and corresponds to a thickening of the interbedded basal unit with GG5. 
Intense, silica-chlorite alteration is ubiquitous within GG6 where primary volcanic 
textures, lithic clasts, and the fine-grained tuffaceous matrix alter into quartz-chlorite mosaics 
(Sharpe, 1999). At Gossan Hill, intensely altered bedded silica (chert) and chlorite altered 
siltstone beds occur both within and overlying massive sulfide mineralisation (Ashley, Dudley 
et al. 1988, Clifford 1992). The intense silica-chlorite alteration and massive sulfide 
mineralisation is entirely texturally destructive replacing the originally rockmass through 
mass-exchange and metasomatic reorganisation and recrystallisation (Ashley, 1983; 
Clifford, 1992). The silica-chlorite altered beds are distinctive and their continuous nature 
between the Gossan Hill and Scuddles mines provides a means for stratigraphic correlation 
(i.e. M1 Marker of Ashley et al., 1988). Outside the massive sulfide domains quartz-silica 
alteration of the sandstone and siltstone is still intense with continual poor textural 
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preservation other than gross stratification (Sharpe, 1999). Altered sandstones and 
siltstones consist entirely of microcrystalline quartz, megaquartz, chlorite, and carbonate, 
preserving thin planar and conformable beds containing rare relict quartz grains and altered 
lithic clasts. Breccia beds are interbedded within the sandstone and siltstone and vary from 
granule breccia to cobble breccia (Sharpe, 1999). Breccia facies within GG6 varies with 
stratigraphic height. Normally graded beds with clast supported, closed framework facies 
occur towards the base, grading to a relatively open framework, granule breccia or 
sandstone towards the top (Clifford, 1992; Sharpe, 1999). Clast sorting is poor to moderate 
with variable subrounded to angular clast morphologies. Lithic clasts populations consist 
predominantly of quartz-chlorite altered, fine-grained thinly bedded siltstone to sandstone 
clasts, and intensely silicified chert clasts with less common clasts of altered tuffaceous and 
pumiceous, glass, tubes and vesicular. Silica-chlorite alteration of the all breccia clasts and 
the fine-grained matrix altered is generally intense, with variable textural preservation in 
silica-altered domains and poor preservation in chlorite-altered domains.  
3.4.6 Scuddles Formation 
Only the massive rhyodacite volcanics of the SC2-RHD member in the Scuddles 
Formation is discussed here as it forms the hangingwall to mineralisation at Gossan Hill 
(Clifford, 1992). The SC2-RHD rhyodacite is grey, quartz, feldspar-phyric massive rock with 
distinctive large quartz phenocrysts (Sharpe, 1999). At Gossan Hill, the base of the 
rhyodacite commonly has a small (<3 m) zone of poorly sorted, clast supported polymict 
breccia sitting along a scoured basal contact. The breccia contains lithic clasts of siltstone, 
sandstone, and massive sulfide within quartz, feldspar-phyric matrix with some clasts 
preserving soft sediment deformation textures indicating the rhyodacite lava was 
emplacement prior to their lithification (Sharpe, 1999). The upper contact of SC2-RHD is 
sharp against a rhyodacite breccia facies where it overlies massive sulfides in GG6. 
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3.4.7 Intrusions 
Igneous intrusions in the form of dykes and sills post-date the deposition of the Golden 
Grove Formation (Sharpe, 1999). From oldest to youngest, these are (1) porphyritic dacite 
dykes, (2) dolerite dykes and sills, and (3) rhyolite dykes. At Gossan Hill, dolerite and rhyolite 
intrusions are common, while dacites are comparatively rare. Three phases of dolerite 
intrude the GGF with early coarse-grained sills being intruded by fine-grained dykes. In 
general, dolerite intrusions have strong chlorite-carbonate± epidote alteration and silica-
chlorite altered thin, chilled, and often faulted contact with the host strata. Rhyolite dykes 
intrude sub-parallel to the sub-vertical strata and have sharp, chilled, variably faulted silica-
altered contacts. 
3.5 Evolution of the Hydrothermal Alteration System at Gossan Hill 
The preservation of primarily volcanic textures by silica alteration combined with the 
stratabound nature, and geochemical signature of the upper (GG4) and lower (GG6) sulfide 
deposits allowed Sharpe (1999), to identify two stages of alteration in an evolving 
metasomatic process related to basin diagenesis and the outflow of hot, metal-bearing 
seawater solutions. Sharpe (1999) and Clifford, (1992) recognised the pervasive and 
overprinting nature of the early stages of the hydrothermal system as part of a regional 
diagenetic process initiated by thermally activated seawater convection that pre-dated VMS 
mineralisation at Gossan Hill. Diagenetic alteration of the Gossan hill strata is characterised 
by pervasive quartz-chlorite alteration resulting from the induration of porous lithologies such 
as dacite flows, pumiceous granule breccia, and sandstones causing the hydrolysis of their 
glassy precursor. The non-deformed nature of the well-preserved volcanic detritus indicates 
alteration occurred simultaneously with deposition and before compaction. This early 
pervasive alteration reduced the porosity and permeability of the strata, increasing the 
strength and elastic properties of the materials that influenced its mechanical behaviour 
during the later hydrothermal events responsible for massive sulfide at Gossan Hill. 
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The character of the VMS mineralisation at Gossan Hill indicates an expansive 
hydrothermal system with a broad alteration footprint controlled by the reduced permeability 
of the altered lithologies (Sharpe, 1999; Clifford, 1992). The metasomatic event that formed 
the massive magnetite and sulfides in GG4 occurred during deposition of the upper GG6 
strata (Sharpe, 1999). The metasomatic fluid flux was initiated by structural re-activation of a 
long-lived synvolcanic feeder structure (fault) providing a deep conduit for metal-bearing fluid 
migration. Sub-seafloor metasomatic fluids replaced reactive lithologies with massive sulfide 
while local exhalation at the seafloor formed pyritic chert. Metasomatic fluid flow is restricted 
away from the feeder fault by the low porosity and permeability of the silica and muscovite 
alteration in the groundmass of the GG4 and GG5 material. Silica alteration of the GG5 
sandstone during diagenesis obliterated the original pore space forming an aquitard that 
pooled the fluids and forced them laterally outward replacing the muscovite alteration in the 
GG4 lithologies. Tensile, brittle fracturing occurred in the massive, siliceous GG5 sandstone 
adjacent to the feeder fault forming a zone of sulfides infill surrounded by an intense silica-
altered envelope. At the same time the upper GG6 horizons is deposited adjacent to the 
feeder fault and replaced with massive sulfides and silica-chlorite alteration sub-seafloor. 
The metasomatic processes in GG4 and GG6 totally replaced the immediate host rock 
creating an intense siliceous alteration envelope around the massive sulfides. This 
wholesale mass-transfer reorganises the rock destroying all original textures within the 
massive mineralisation and intense alteration. The high fluid flux facilitates metasomatic 
exchange processes responsible for the formation of intense domains of recrystallised 
amorphous to cryptocrystalline silica and matted monomineralic chlorite. 
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Chapter 4. The Mechanical Properties of Jointed Rockmass 
4.1 Introduction - Mechanical Properties Governing Rockmass Behaviour 
The geotechnical rockmass is a mathematical model that describes the mechanical 
behaviour of the geology on the scale of the excavation in terms of intact composition and 
structure. Non-linear behaviour of intact rocks reflects the elastic and inelastic character of 
the composition, texture, and crack initiation process that influence failure. Variable 
behaviour between similar rock types comes from the natural lithological heterogeneity of 
rocks and the influence that hydrothermal alteration type and discontinuities have on 
material properties such as strength and elasticity. The presence and attitude of 
discontinuities within an intact rock can have a profound effect on failure behaviour. 
Discontinuities impart linearity to the intact rock that introduces a plane of weakness under 
stress. If the linearity is unfavourably orientated in terms of the principle-stresses, the 
strength of the rock relies on the cohesion and frictional strength of the linearity. Once 
cohesion is exceed, the stress-strain behaviour of the discontinuity is linear, and failure can 
be described by the Mohr-Coulomb criterion. The mechanical rockmass combines the 
strength and elastic properties of the intact rock with the character of their bounding 
discontinuities to represent the non-linear elastic-inelastic behaviour of block rotation and 
sliding mechanism active during failure (Brady and Brown 2006, Hudson and Harrison 
2007). The strength and deformability of the rockmass is governed by the combined 
properties of intact rock materials and the condition of the discontinuities. The degree to 
which each component influences the behaviour will dictate the stress-strain response of the 
rockmass. During deformation, the stress-strain response can progress from a linear elastic 
response of massive intact rock to a discontinuous elastic/inelastic response of fractures and 
rock blocks. Rockmass behaviour is also influenced by the local environmental conditions 
primarily the magnitude of the in situ stresses and the degree of weathering and/or 
metasomatic alteration. The quality of the engineering rockmass can be quantitively 
determined by characterising the material properties of the intact rock and the condition of 
discontinuities using rockmass classification schemes (Bieniawski 1989, Marinos, Marinos et 
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al. 2005, Hoek, Carter et al. 2013, Bertuzzi, Douglas et al. 2016). Quantitative rockmass 
classification provides geologically robust inputs for numerical modelling. 
This Chapter outlines the properties that influence intact rock, discontinuity, and 
rockmass failure mechanism, introducing common failure criterion and rockmass 
classifications schemes considered in the Xantho case study. 
4.2 Intact Rock Properties 
The deformability, strength, and failure behaviour of an intact rock can be determined by 
the commonly performed uniaxial compression testing of cylindrical specimens of drill core to 
produce a complete stress-strain curve (Figure 4-1 and Figure 4-2); (Hudson and Harrison 
1997, Brady and Brown 2006). The shape of the stress-strain curve will depend on the 
physical character and chemical composition of the rock. The variable stress-strain 
behaviour of similar lithologies reflects the influence of that texture (grain /crystal size, 
morphology, linearity), and compositional difference due to source, metasomatic alteration, 
and weathering processes. In addition, the stiffness of the testing apparatus and the 
preparation of the sample can also influence the results of the test and care must be 
exercised when interpreting test results. The failure of intact rocks under uniaxial 
compression has been shown to occur in definable stages of deformation and failure relating 
to (1) initial loading and closure of pre-existing micro-defects (cracks), (2) linear elastic 
(recoverable) deformation, (3) crack initial and progressive stable crack development, (4) 
unstable crack development (yielding), (5) peak strength (UCS), and brittle failure 
(Figure 4-2). A further post-peak stage relating to the residual strength of the intact rock can 
be determined during triaxial testing which employs a pressure vessel to apply a confining 
pressure to the sample during loading such that the horizontal stresses are held equal; that 
is σ1 > σ2 = σ3 (Figure 4-1); (Brady and Brown 2006, Hudson and Harrison 2007). 
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Figure 4-1. Complete stress-strain curve showing mechanical behaviours for strain-softening 
material (see text for details) 
4.2.1 Elastic Behaviour 
Depending on the mode of acting stress and the properties of intact rock there are three 
moduli that describe the elastic behaviour of the material that relate to different forms of 
deformation: 
• Young’s modulus (E), is the ratio of uniaxial compressive stress to the resultant 
strain 
• Bulk modulus (K), is the change in volume under lithostatic pressure (i.e., the 
ratio of stress to strain), and is the reciprocal of compressibility 
• Shear modulus (G), is the ratio of shearing (torsional) stress to shearing strain 
A fourth parameter, Poisson’s ratio (ν), is a measure of the geometric change of shape 
and is related to the three elastic moduli as it defines the ratio of transverse contraction 
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strain to longitudinal extension strain in the direction of force. These four elastic parameters 
are interrelated such that each can be expressed in terms of two others. 
 
Figure 4-2. Stress-strain diagram showing basic fracture mechanics for intact rock under uniaxial 
compression; (See text for details). Modified from Ündül et al., 2015 
The elastic properties of an intact rock relate to the physical behaviour that is 
recoverable once, in the case of a uniaxial test, the vertical stress (σz) has been removed 
(Brady and Brown 2006, Hudson and Harrison 2007). During initial loading of the sample 
micro-defects and imperfections in the sample ends preparation results in a small concave 
upwards slope in the stress-strain curve indicating closer of the defects and an increase in 
stiffness caused by irreversible compaction, and settling of the sample in the apparatus 
resulting in strain increasing faster than the applied stress (Figure 4-1). Once this effect 
stabilises, the intact sample displays an essentially linear relation between applied stress 
and resultant strain. This linear ratio of stress-strain defines the Young’s Modulus (E) 
(Equation 4-1), material constant a relation stemming from the elastic theory related in 
Hooke’s Law (1660) which showed that the extension in a thin elastic rod is proportional to 
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the applied tension. The Young’s modulus of an intact rock defines its tendency to deform 
elastically when loaded and a stiffer material will have a higher elastic modulus. Importantly, 
the elastic modulus of a material is a property of the constituent material and is not the same 
as stiffness, which is a property of a structure. 
𝐸𝐸 = Δ𝜎𝜎
Δ𝜀𝜀
 
Equation 4-1 
This relationship holds for a wide range of materials but in practice as most rocks are not 
isotropic they do not always exhibit a completely linear stress-strain relationship; as the 
deviation is often quiet small, single values for the elastic modulus of rocks are commonly 
quoted. Uniaxial loading will initiate vertical strain (εz) and a related degree of horizontal 
dilatational strain (εx) with the ratio of these strains defining Poisson’s ratio (ν) 
(Equation 4-2). Similarly, this ratio may show the same degree of variability as the Young’s 
modulus throughout the stress range relating to texture, weathering, and alteration. The 
Young’s modulus and Poisson’s ratio are relatable as the change in the ratio of axial stress 
(σa) and vertical strain (εz) divided by the ratio of the axial stress and radial strain (εx) 
(Equation 4-3): 
𝜈𝜈 = − 𝜀𝜀𝑧𝑧
𝜀𝜀𝑥𝑥
 
Equation 4-2 
𝜈𝜈 = −Δ𝜎𝜎𝑎𝑎 Δ𝜀𝜀𝑧𝑧⁄
Δ𝜎𝜎𝑎𝑎 Δ𝜀𝜀𝑥𝑥⁄
 
Equation 4-3 
The Bulk modulus (K) is a measurement of intact rocks resistance to uniform 
compression and relates the change in density experienced during pressure-induced 
changes in unit volume being the ratio of applied pressure to volumetric strain 
(Equation 4-4); the inverse of the Bulk modulus is the materials compressibility. The Shear 
modulus (G), also known as the modulus of rigidity, is the ratio of shear stress to shear 
strain, which relates the angular change within a material due to a force parallel to its surface 
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(Equation 4-5). The coefficient of viscosity (ƞ) is the tendency of a material to flow when a 
shear stress is applied and is analogous to the shear modulus as it relates the shear strain-
rate to the shear stress. 
K = ρ dPdρ 
Equation 4-4 
G = FlAΔx 
Equation 4-5 
For isotropic material the three elastic moduli and the Poisson’s ratio all measure the 
stiffness of the intact rock during an applied force, are therefore not independent, and can be 
related in a series of equations: 
2G(1 + ν) = E = 3K(1 − 2ν) 
Equation 4-6 
4.2.2 Crack-Initiation and Stable Propagation 
During continued uniaxial compression a stress level is reached where the behaviour of 
the intact rock is no longer elastic and permanent strains and creep that occurs through 
plastic/viscous deformation mechanisms are not recoverable; this is referred to as the crack 
initiation threshold (σCl), (Figure 4-2) (Bieniawski 1967, Eberhardt, Stead et al. 1998, Brady 
and Brown 2006, Ündül, Amann et al. 2015). The crack initiation threshold can be 
considered an estimate of the lower limit of long term strength at low confinement and is 
influence by a number of geological and mineralogical factors (Kranz 1983, Eberhardt, Stead 
et al. 1998, Coggan, Stead et al. 2013, Ündül, Amann et al. 2015). Griffith (1921, Griffith 
1924), first considered how a crack may initiate and propagation in brittle homogenous 
elastic material during tension, developing a mathematical model relating the energy 
instabilities of the fracture process. Griffith’s crack theory shows that the differential stress at 
failure can be related to the change in surface energy required to propagate an existing 
micro-crack tip and the amount of strain energy released. Studies have shown that the crack 
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initiation threshold is primarily controlled by microtextural properties relating to the strength 
and distribution of its mineral constituents, whereas crack propagation is controlled by the 
grain size and grain size distribution (Eberhardt, Stead et al. 1998, Lan, Martin et al. 2010). 
Heterogeneity in the grain size distribution, geometry of the grains and mineralogy within 
intact rocks have the most significant effects on the crack initiation threshold and peak 
strength (Amann, Ündül et al. 2014, Nicksiar and Martin 2014) (Nicksiar & Martin, 2013; 
Amann et al., 2014). Compositional heterogeneities relating to different mineralogies, 
interaction of different mineral grains, the presence and nature of groundmass and the 
relative proportional of mineral constituents also contribute to variations in material stiffness 
and σCI. 
4.2.3 Unconfined Compression Strength - Peak Strength 
The unconfined compressive strength (UCS) is measure of the intact rocks peak strength 
and relates to the maximum axial compressive stress that the sample can withstand before 
failure occurs under unconfined conditions (σUCS in Figure 4-1). The UCS of intact rocks is a 
basic parameter in rockmass classification schemes and rockmass strength criteria (e.g. 
Hoek and Brown 1980, Hoek, Carranza-Torres et al. 2002). The unconfined compressive 
strength and the crack initial threshold are stages in the continual crack propagation damage 
process related by intrinsic variability in the mineralogical (Wong, Chau et al. 1996, Hatzor 
and Palchik 1997, Eberhardt, Stead et al. 1998, Eberhardt, Stimpson et al. 1999, Přikryl 
2001, Přikryl 2006), and textural character(Ulusay, Türeli et al. 1994). The change in 
mineralogy associated with hydrothermal alteration will also affect how cracks initiated, 
propagate, and ultimately control the peak strength of variably altered samples (e.g. Coggan, 
Stead et al. 2013, Ündül, Amann et al. 2015). Compete failure of the sample occurs past the 
peak of the stress-strain curve either by catastrophic failure when axial cracks coalesce to 
form macro-shear on the scale of the sample or through cataclastic creep at a residual 
strength, for which an increase in deformation can be achieved with no change in axial load 
(Figure 4-1). The size and geometry of the test sample and the loading conditions used 
 46 
 
during a uniaxial compression test will also influence the unconfined compressive strength 
(Brady and Brown 2006, Hudson and Harrison 2007). 
4.2.4 Discontinuities in intact rocks 
The presence of discontinuities in intact rocks will affect the strength of a rock during 
laboratory testing or during tectonic deformation (Hudson and Harrison 2007, Fossen 2010). 
Adopting the ‘single plane of weakness’ approach attributed to Jaeger the strength of a 
sample contains a single discontinuity can be determined (Figure 4-3). The approach 
resolves the stress on the discontinuity plane into normal and shear stresses and determines 
the strength via the Mohr-Coulomb criterion (see Mohr-Coulomb Criterion; Equation 4-10). 
The strength of the discontinuity relates to its orientation in respect to the principle stress 
and the magnitude of the differential stress (Figure 4-3). Discontinuities that are parallel or 
perpendicular to principle stresses will not affect the strength of the intact rock while 
intermediate orientations will reduce the strength of the intact rock. Illustrated in Figure 4-3, a 
discontinuity orientated at 45° + the half the value of the angle of friction to the principle 
stress will reduce the strength of the intact rock to that of the cohesion and frictional 
properties of the discontinuity (Figure 4-3). 
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Figure 4-3. The effect of a single discontinuity on the strength of intact rock 
4.2.5 Residual Strength 
During triaxial testing of intact rock where confining pressures are held constant during 
loading, that is σ1 > σ2 = σ3, post-failure strain occurs at a constant shear stress termed the 
residual strength (Figure 4-1). Barton (1976) showed that the residual shear strength relates 
to the coefficient of friction between the surfaces of the cataclastic particles as deformation 
transitions from brittle to ductile processes under high confining pressures. At higher 
confining pressures a ‘critical state’ is reached where dilatation along grain boundaries and 
discontinuities is suppressed, and the effective normal stress (σʹn) equals the differential 
stress (σ1 - σ3) termed the ‘critical effective confining pressure (σ3 critical). A later study by 
(Singh, Raj et al. 2011) modified the linear Mohr-Coulomb criterion using over 150 reported 
triaxial tests and the critical state concept to concluded that for the majority of rock types the 
σ3 critical ≈ unconfined UCS. 
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4.3 Failure Mechanism 
Rock failure mechanisms include the formation of fracture planes, larger-scale faulting, 
crushing, and transposition of individual mineral grains and cements due to an applied force 
equal or greater than the yield point. Brittle, ductile, and brittle-ductile processes act on the 
cohesion and rheology of the material to form discreet surfaces and zones of mechanical 
discontinuities. Brittle processes initiate the formation of discrete discontinuities while ductile 
processes do not form fractures, but allow the material to accumulate permeant strain by 
means of internal reorganisation familiar as shear bands/zones. 
A fracture can be defined as a mechanical discontinuity that represents a zone where 
stress has overcome cohesion. Chemical processes such as shear-enchanted dissolution 
(stylolites) may also play an important role in the failure process. Four modes of fracture 
development are defined that distinguishes the displacement mechanism active to overcome 
the rocks cohesion and form a discontinuity (Figure 4-4). Mode I defines extensional opening 
where displacement is perpendicular to the walls of the crack. Mode II represents sliding 
displacement (shearing) perpendicular to the edge, while Mode III defines shear 
displacement parallel to the edge of the crack (Figure 4-4). Co-genetic displacements modes 
involving both shearing (II & III) and extension (I) can occur at different point on the surface 
of a single ‘hybrid’ fracture. Contractional, Anti-mode I fractures or anticracks, are 
discontinuities that occur due to volume loss and concentration of immobile constituents 
during stress-induced dissolution (Figure 4-4). 
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Figure 4-4. Fracture modes showing sense of movement and geological descriptions 
Brittle fractures are able to develop once stresses exceed the yield point (σCl) of the 
intact rock. The mode of fracture that develops depends on the magnitude and orientation of 
the differential stress (Equation 4-7) and the mean stress (Equation 4-8). 
Differential Stress = (σ1 − σ3) 
Equation 4-7 
Mean Stress =  (σ1 + σ3)2  
Equation 4-8 
In generally, while the absolute magnitude of the differential stresses required to exceed 
the internal cohesion of the rock are dependent on the magnitude of the confining pressure, 
triaxial test data indicates that the maximum principle  stress needs to exceed the minimum 
principle stress by a factor of three; that is σ1 > 3σ3. The brittle character of  a rock is 
controlled by randomly oriented and distributed intragranular microfractures such as voids, 
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pore space and grain boundaries in the rock (Griffith 1921). Experiments show that, in 
general, fine-grained rocks are stronger than coarse-grained ones, and the presence of 
phyllosilicate minerals with strong, layered cleavage planes lowers the strength (e.g. Hoek 
1994, Hoek, Marinos et al. 1998, Hoek 1999, Marinos and Hoek 2001, Hoek, Marinos et al. 
2005). Anisotropy such as bedding, tectonic foliations, and crystallographic fabrics will 
reduce the strength of the rockmass in the same way microfractures do for intact rock. 
Ductile behaviour is the accumulation of permeant strain at low strain rates without the 
formation of new fractures (Fossen 2010). The mechanisms of ductile strain act on the rocks 
rheological character (akin to viscosity) and the tendency to deform over time termed ‘flow’. 
Ductile deformation (also referred to as plastic deformation) begins only when the stress 
reaches the critical yield strength of the rock. At this point permanent strain accumulates in 
addition to the elastic strain and it is theoretically possible for perfectly plastic materials to 
develop unlimited ductile strain at constant stress termed ‘creep’. At this critical yield stress, 
the strain is no longer proportional to the stress but is proportional to the strain rate (Fossen 
2010). Rocks do not generally behaviour as perfectly plastic material and the level of stress 
required to achieve additional strain during ductile deformation can change. When more 
stress is require the mechanical behaviour is termed ‘strain hardening’ and is caused by 
internal discontinuities within crystal lattices termed ‘dislocations’ that permit both elastic 
interactions and sliding which make it harder for strain to accumulate. In the case of intact 
rocks, large mineral boundaries and rough tensile fracture surfaces developing during the 
initial stages of yielding will further act as dislocations to produce the strain hardening effect. 
The opposing mechanical behaviour where less stress is required to progress deformation is 
termed ‘Strain Softening’ and several factors can facilitate the process. Fracturing and 
crushing of clasts, and rotation and frictional sliding along mineral boundaries promotes 
cataclastic flow (Fossen 2010, Platt 2015). The existence of a pre-existing fabrics (Ikari, 
Niemeijer et al. 2015), the recrystallisation and/or metasomatism of original minerals into 
new softer, less rigid, and more aligned minerals will increase the likelihood of frictional 
 51 
 
sliding and promote flow (e.g. Wallis, Lloyd et al. 2015). These processes are facilitated by 
regional increases in temperature and pressures during deformation and more locally by the 
introduction of magma and commonly associated ore-forming hydrothermal fluids (Large, 
Allen et al. 2001, Large, McPhie et al. 2001, Fossen 2010, Hollis, Yeats et al. 2015). 
4.4 Failure Criteria 
Several strength criteria exist to predict the level of stress that corresponds to peak 
strength. The three most widely used criteria are the: 
I. Mohr-Coulomb criterion, which describes the stress level at failure in terms of the 
shear and normal stresses acting on a plane 
II. Griffith Crack Plane criterion expresses the uniaxial tensile strength in terms of 
crack propagation and surface energies 
III. Hoek-Brown criterion is an empirically derived relation for maximum and 
minimum stresses and uniaxial compressive strength 
Inherent in all failure criteria are several basic assumptions: 
• Material is isotropic and homogeneous 
• Stresses are applied uniformly 
• The intermediate stress σ2 has little influence on peak strength and is not 
routinely considered 
• Textural characteristics such as grain size and sorting have no influence 
• Temperature and strain rate are ignored 
These assumptions reduce the strength criterion to the form (Equation 4-9): 
σ1 = f(σ3) 
Equation 4-9 
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These assumptions are regularly violated in nature rocks and are not indicative of 
hydrothermally altered compositions. Mineralogical, textural, and mechanical variability will 
create variable zones of metasomatic alteration with altered strength and elastic properties. 
4.4.1 Mohr-Coulomb Criterion 
Coulomb (1776) proposed that the shear strength of a rock is dependent on its cohesion 
(c) and the angle of internal friction (Φ) relative to σ1 (Figure 4-5). Hence, the maximum 
shear strength (s) that can act on the plane in Figure 4-5 is calculated by Equation 4-10: 
𝑠𝑠 = 𝑐𝑐 +  𝜎𝜎𝑛𝑛 tan𝛷𝛷 
Equation 4-10 
 
Figure 4-5. Schematic diagram defining normal and shear stresses for a plane inclined to σ1 
Coupled with the graphical Mohr circle the Coulomb criterion defines a linear failure 
envelope that divides regions of stable, limiting equilibrium and unstable normal and shear 
stress ratios (Figure 4-6). Mohr stress transformations allow the orientation and strength of 
the critical failure plane whose shear strength is the first overcome by the increasing 
principle stress to be calculated (Figure 4-6). This technique predicts shear failure when 
stresses surpass both the intrinsic strength of a rock and the internal friction. 
For uniaxial compression σ1 = σc and the minimum stress is equivalent to the tensile 
strength, that is σt = σ3 (Figure 4-6). Tensile strength values calculated using Equation 4-10 
are greater than shown by uniaxial strength tests and for this reason a tensile cut-off value 
T0 is assigned to the failure criterion (Figure 4-6). 
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Figure 4-6. Mohr-Coulomb strength and Griffith Crack criteria in terms of shear and normal stresses 
(see text for details) 
The criterion allows the peak strength of the discontinuity to be calculated but the 
function assumes a linear state for the shear stress and displacement that are at odds with 
the non-linear results obtained experimentally. The power of the Mohr-Coulomb criterion is 
its ability to express the shear strengths of discontinuities and provides a good 
representation of residual strength (Brady and Brown 2006, Hudson and Harrison 2007). 
4.4.2 Griffith Crack Criterion 
Griffith (1924, 1936), first considered how a crack may initiate and propagation in brittle 
homogenous elastic material during tension and developed a mathematical model (Griffith’s 
Crack Plane criterion)  relating the surface energy required to propagated an existing micro-
crack tip to the amount of strain energy released. Griffiths considered the instabilities that 
occur at a cracks tip and the work required to propagate the surface. The criterion only refers 
to the onset of cracking and is not well suited to compressional stresses where the geometry 
of the crack changes after initiation and the subsequent development of plastic deformation 
or frictional energies are not considered (Brady & Brown, 2004). Griffith (1924, 1936), also 
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used Mohr circles to define a strength envelope for his criterion (Figure 4-6). The criterion 
describes a relationship between the uniaxial tensile strength and the triaxial compressive 
strength in plane compression (Equation 4-11). Where σ1 = maximum principle stress; σ3 = 
minimum principle stress, and T0 = tensile strength indicating the uniaxial compressive 
strength is eight times the uniaxial tensile strength (Equation 4-12), while modern 
experimental data indicate that UCS is 10-50 time the tensile strength. 
(𝜎𝜎1 −  𝜎𝜎3)2 =  8𝑇𝑇0(𝜎𝜎1  +  𝜎𝜎3) 
Equation 4-11 UCS = 8T0 
Equation 4-12 
When we compare the Coulomb and Griffith criteria, we can see they fail to predict ‘non-
ideal’ stress relations outside their stated assumptions. Griffith criteria effectively represents 
tensile strength but under-estimates compressional stresses, while the Coulomb criteria 
over-estimates tensile strength but approaches experimentally derived values at elevated 
confining pressures (Figure 4-6) (Fossen 2010). 
4.4.3 Hoek-Brown Failure Criterion 
The Hoek-Brown (H-B) failure criterion is an empirically relation that describes the 
maximum and minimum stresses at failure normalized by the uniaxial compressive strength 
(Hoek and Brown, 1980; Equation 4-13). Hoek and Brown, (1980), compiled extensive test 
data on intact failure to calculated ‘best-fit’ curves for the normalised failure stresses 
(Figure 4-7). Fitting the curves to specific rock type data required two material constant for 
the slope m, and s (Hoek and Brown 1980, Hoek 1987, Hoek, Carranza-Torres et al. 2002); 
the constant m is subsequently referred to as mi to distinguish it from its rockmass 
counterpart mb. The criterion uses three parameters to describe a curved failure surface 
providing a better fitting Mohr envelope than Coulomb’s criterion; two constants are 
mathematical required to express the slope variance that distinguishes rock type groups and 
have a similar relation to c and Φ (c.f. Equation 4-10 and Equation 4-13). 
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σ1 = σ3 + (mσcσ3 + sσc2)0.5 
Equation 4-13 
 
Figure 4-7. Intact failure curves and the best-fit Hoek-Brown failure criterion envelope for uniaxial 
test data for granite (Hoek & Brown, 1980) 
The significance of the material constants have been interpreted to reflect intrinsic 
material properties within rock groups associated with the strength characteristics of the 
mineralogy and texture on the scale of the test sample. The parameter s is attributed to 
inherent micro-defects and pore-space in the sample, as well as aspects of mineral 
boundary alignments and compositional and/or structural fabrics that may degrade the ideal 
cohesion of the intact rock, σc (Hudson and Harrison 2007). Hence, in Equation 4-13, for 
intact rock when σ3 = 0, s = 1, and σc is the ideal strength equal to cohesion. Similarly, the 
parameter mi, has been related to the degree of interlocking that is attributed to the 
character of the mineralogy and can be called the ‘petrographic constant’. Hoek and Brown 
(1980) recommends that mi should only be calculated from test data during the curve-fitting 
operation acknowledging the high degree of variability between natural rock; however, 
recognising the expense and difficulty in obtaining tests data they published a table of m 
values for representative rock types (Table 4-1).  
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Table 4-1. Values for material constant mi with estimates in parentheses (Marinos and Hoek, 2000) 
 
Since its inception, the H-B failure criterion has been developed and it application across 
different rock types has increased to be one of the most commonly applied criteria ((Hoek 
and Brown 1980)). The application of the criterion alongside rockmass characterisation 
schemes such as Bieniawski’s Rock Mass Rating (Bieniawski 1973, Bieniawski and Bernede 
1979, Bieniawski 1989) and the later Hoek-Brown Geological Strength Index (Hoek 1987, 
Hoek and Brown 1997, Hoek, Carranza-Torres et al. 2002) established the detail require to 
describe mechanical behaviour in terms of the geological character of the intact material, 
discontinuities, and combined rockmass properties. 
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4.5 Discontinuities 
4.5.1 Mechanical properties of discontinuities 
The definition of a discontinuity is taken from Hudson and Harrison, (2007) to denote “… 
any separation in the rock continuum having effectively zero tensile strength …without any 
genetic connotation”; compatible synonyms used in this thesis include defect, fracture, joint, 
crack and break. The mechanical mode that initiates the discontinuity will control the 
physical and mechanical properties that will define its strength with respect to the intact host 
rock. Discontinuities are prone to shear failure and displacement behaviour reflects their 
elastic properties, peak, and residual strength profiles. Direct shear tests shows that a defect 
will go through a series of elastic and non-elastic behaviours during shear displacement 
similar to intact rock complete stress-strain curves (c.f. Figure 4-8 with Figure 4-1). 
 
Figure 4-8. Shear testing curves shows peak and residual strength behaviours 
During shear stress, the two surfaces of the defect are initially compressed together 
causing an increase in stiffness associated with, wall strength, asperities roughness and 
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interacting, rock bridges, and/or hydrothermal infill to produce a linear stress-displacement 
path. The stress-displacement ratio becomes non-linear when stress equals the shear 
strength of the asperities, reducing cohesion. Ongoing failure and displacement physically 
erodes the surfaces reducing asperity compression and promoting isotropic behaviour. The 
stress required for the same defect to shear after each failure will diminish to a lower 
residual strength ultimately related to the friction angle (Φr) of the defect with respect to σ1 
such that c = 0 (Figure 4-8). Therefore, the residual shear strength envelope can be 
expressed as the residual friction angle within a reduced Mohr-Coulomb criterion: 
𝜏𝜏 = 𝜎𝜎𝑛𝑛 tanΦ𝑟𝑟 
Equation 4-14 
The residual state represents a total loss of cohesion and reflects the change in the 
condition of the defect surface during failure. However, the shear failure path is non-linear 
influenced by the elastic character of the host rock and the condition of the surface 
roughness and cannot be truly describe by the Mohr-Coulomb criterion. 
To incorporate the irregular surface conditions Patton (1966) introduced a bi-linear failure 
criterion that introduced the idea that the shear strength of the rock is related to the angle of 
the asperity (i) and its contribution to the friction angle (Φ) with respect to the normal and 
shear stresses such that (Equation 4-15): 
τ = σntan(ϕ + i) 
Equation 4-15 
This accounts for the shear-induced surface dilatation that occurs as asperities rise over 
each other at low normal stress. Factors relating to the strength and geometrical condition of 
the asperities and surfaces complicated the nature of the failure analysis. The Barton-Bandis 
failure criterion captures the uncertainty of the defect condition in a non-linear empirical 
relationship, which relates the shear strength to the normal stress while considering the 
strength of the walls and the condition of the surfaces through failure (Barton and Bandis 
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1990). The original equation for the shear strength of a rock joint revised as further joint test 
data was analysed to its current form (Equation 4-16), (Barton 1973, 1976, Barton and 
Choubey 1978): 
𝜏𝜏 =  𝜎𝜎𝑛𝑛 tan �𝜙𝜙𝑟𝑟 + 𝐽𝐽𝐽𝐽𝐽𝐽𝑙𝑙𝑙𝑙𝑙𝑙10 �𝐽𝐽𝐽𝐽𝐽𝐽𝜎𝜎𝑛𝑛 ��  
Equation 4-16 
Where Φr is the residual friction angle of the failure surface modified by two physical 
variables, the Joint wall Compressive Strength (JCS) and the Joint Roughness Coefficient 
(JRC), (Barton, 1973; 1976). JCS is the uniaxial compressive strength of the wall determined 
by Schmidt rebound hammer which has a practical application up to 120 Mpa illustrated by a 
dotted-line (Figure 4-9) (ASTM 2001, Reşat 2014). 
 
Figure 4-9. Conversion chart for joint wall compressive strength (JCS) from Schmidt hardness 
(ASTM, 2001; Barton and Bandis, 1977) 
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Figure 4-10. Roughness profiles and JRC ranges (Barton & Choubey, 1977) 
The JRC is determined by comparing the condition of natural surfaces with published 
standard profiles (Figure 4-10) (Barton and Choubey 1978). The profiles are drawn to scales 
expected when testing laboratory-sized samples. Larger surfaces have great tendency for 
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weakness decreasing the overall JCS while the roughness profile will diminish with scale. 
This lead Barton and Bandis (1982) to developed scale correction relationships: 
JRCn =  JRC0 �LnL0�−0.02JRC0 
Equation 4-17 
JCSn =  JCS0 �LnL0�−0.03JCS0 
Equation 4-18 
Where JRC0, JCS0 and L0 refer to 100 mm test scale samples while JRCn, JCSn, and Ln 
refer to in situ block size (persistence). The presence of infill will modify the shear strength of 
a defect by altering the strength of the wall rock (JCS), reducing the surface contact between 
asperities (JRC), and accommodating shear at a lower stress level in soft infill minerals. 
4.5.2 Geometrical properties of discontinuities 
The processes that create discontinuities in intact rock act on all scales and their 
individual forms and spatial distribution express the geotechnical character of the stressed 
intact geology. Defects form hierarchically with large discontinuities (faults/shears) defining 
blocks that possess similar mechanical characters. Smaller domains of similarly orientated 
defects develop in a range of geological material whose failure reflects the distribution and 
attitude of the far-field stresses greater than intact strength. Protracted and discontinuous 
deformational processes create multiple defects modes with complex termination relations, 
variable dilation and permeability’s, with varied local or pervasive metasomatic alteration. 
Assigning discontinuities sets to geotechnical domains requires careful and consistent 
observations at an appropriate scale relate to the dimensions of the excavation and the 
geological variability of the rockmass. 
The spacing between adjacent individual defects (the intact block) characterises the 
mechanical response of the rock in the past and future. Over a defined length of drill core (L) 
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the discontinuity frequency (Equation 4-19) and the mean spacing (Equation 4-20) for a 
number of discontinuities (N) can be calculated (Hudson and Harrison 2007): 
Discontinuity frequency, 𝜆𝜆 = 𝑁𝑁
𝐿𝐿
𝑚𝑚-1 
Equation 4-19 
Mean spacing, 𝜒𝜒 = 𝐿𝐿
𝑁𝑁
𝑚𝑚 
Equation 4-20 
In this document, the frequency of discontinuities is referred to as the commonly used 
term ‘Fracture Frequency’ (FF). 
Distribution and terminations relations influence the size, shape, and persistence of 
individual defect while material properties and stress distribution effect the nature of the 
fracture mechanics and the condition and orientation of the displaced surfaces (Gutierrez 
and Youn 2015). Factors such as roughness, persistence, and aperture are not constant, 
with a variable range of properties produced throughout the tectonic and metasomatic 
history of the rockmass. Defects form in relation to the orientation of the stress field. 
Stresses rotate during different modes of deformation with each new orientation of stress 
creating a new overprinting set of defects. This process forms intact blocks whose three-
dimensional size distribution (volume) reflects the material properties of the intact rock and 
the applied evolution of the stress field at that point. Lower mean block volumes are 
associated with large zones of brittle failure typical of faulting in the upper crust. Overprinting 
defects create small block volumes with greater surface area increasing the local 
permeability of the rockmass and exposing greater surface area to metasomatic processes. 
The increased dilation creates an area of lower pressure enclosing the fault zone that draws 
metasomatic fluids from the surrounding wall rock or adjacent cooling intrusions into the 
rockmass facilitating metasomatic and mineralisation processes. 
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4.6 Rockmass Characterisation and Classification 
The mechanical behaviour of a rockmass describes the mechanical behaviour of the 
intact block, in relation to its bounding discontinuities whose origins reflect the material 
properties of the intact rock in a past state (Bieniawski 1973). The character of the joint 
network strongly influences the mechanical behaviour of a rockmass due to their relatively 
lower stiffness and shear strength compared to intact rock. Failure criteria for intact rock or 
joints alone are unsuitable for rockmass analysis being incapable of describing the 
progressive behaviour of the coupled block-joint rockmass system. An alternative approach 
to classification rockmass are by characterisation schemes, which aim to quantify how the 
condition of the intact rock and the defect network influence the mechanical behaviour of the 
rockmass. Early rockmass classification systems developed from experiences in tunnelling 
through good quality rock under moderate stresses providing an empirical design method for 
estimating underground support (Terzaghi 1946, Bieniawski 1973, Barton, Lien et al. 1974). 
The more recent Geological Strength Index (GSI) characterisation schemes quantifies the 
geological properties of the intact rock and the conditions of the defect in situ, assign 
standardised numerical values to geological properties visually to characterise the 
mechanical quality of the rockmass. Quantified characterisation schemes contribute to 
empirical rockmass failure criteria to calculate rockmass deformability and provides inputs 
for numerical modelling applications (Pantelidis 2009). 
In recent years, there has been significant advancement in the capabilities of numerical 
modelling as applied to geotechnical design and analysis. Numerical codes have been 
developed that can better explore processes in progressive rockmass failure and understand 
the interaction of rockmass with support systems to a point where synthetic rockmasses can 
be built to evaluate mine design. A limiting factor in numerical realisation is the difficulty 
encountered when trying to quantification the observational (subjective) characterisation of 
variability in rockmasses. Rock engineering design requires reliable estimates of the strength 
and deformation characteristics for a rockmass. Individual rockmass properties can be 
defined through intact rock testing, classification, and back-analysis but natural geological 
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heterogeneity makes the suitability of these values across all scales is uncertain making 
mine design challenging. Geotechnical rockmass classification systems are best suited to 
developing early stage design parameters where they can be developed alongside the 
geology model and in places where other techniques such as core drilling or in situ rock 
testing are difficult and/or expensive. 
This section outlines two classification schemes that use geological observations 
regarding the condition of the joint surface and the structure of the rockmass to produce 
numerical rating for rockmass quality;  Bieniawski ‘s Rock Mass Rating (RMR), (1973, 1989) 
and the Geological Strength Index (Marinos, Marinos et al. 2005, Osgoui and Ünal 2009, 
Bertuzzi, Douglas et al. 2016). The Rock Quality Designation (RQD) system is not a 
standalone classification method but is outline first as it is included in the RMR and GSI 
classification systems. 
4.6.1 Rock Quality Designation (RQD) 
Understanding the effects that the geometrical distribution of defects has is important for 
quantifying the mechanical behaviour of rockmass. The relation between fracture geometry 
and the mechanical characteristics of the intact rock is complicated as the mechanical 
behaviour is strongly influenced by the scale of the excavation in relation to geometrical 
distribution, such as length, spacing, persistence, and orientation (Gutierrez and Youn). 
Introduced by D. U. Deere in 1963, the Rock Quality Designation (RQD) system has 
developed into one of the most commonly applied classification systems in geotechnical 
data collection (Deere 1963, Deere, Merritt et al. 1969). The index developed to provide a 
quantitative estimate of rockmass quality from drill core logs, and is a simple and objective 
system to assess core recovery percentage (Table 4-2). RQD is defined as the percentage 
of intact core pieces longer than 100 mm in the total length of core and the correct 
procedures for measurement of the length of core pieces and the calculation of RQD is 
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shown in Figure 4-11 (Deere and Deere 1988) with the equivalent rock quality schemer in 
Table 4-2. 
 
Figure 4-11. Procedure for measurement and calculation of RQD (Deere, et al., 1988) 
Table 4-2. Rockmass quality and RQD correlation (Deere, 1968) 
RQD (%) Rock Quality 
< 25 Very Poor 
25-50 Poor 
50-75 Fair 
75-90 Good 
90-100 Excellent 
The condition of the joints can reduces the strength of the rockmass but the RQD 
method does not consider the influence of joint roughness/planarity, orientation, persistence, 
infill material, and shear strength of joint on rockmass stability (Cording and Deere, 1972; 
Barton, Lien et al. 1974). RQD is designed to describe and compared rockmass structure, 
but it is not a good measure of rockmass quality as it is not scale dependent as joint spacing 
at 105mm and 95mm will return RQD values of 100% and 0% respectively. When 
constructing RQD Deere (1963) recognised weathering as a degrading factor on rockmass 
strength and stipulated that pieces of core that are “not hard and sound” should not be 
included in the calculation of the RQD percentage. His intended purpose was to downgrade 
the rock quality where agents of weathering had weakened the rock. The decision to exclude 
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a piece of rock based on the degree of weathering is subjective and Deere suggested that 
the decision be based on the appearance of ‘discolouration, bleaching, staining, pitting or 
weak grain boundaries’ which would result in a conservative estimate of RQD percentage. 
Bieniawski (1974) refers to the soundness of core stating that “Highly-weathered rock” 
wherein weathering has extend throughout the rockmass, rendering the material partially 
friable and able to be excavated with a geological pick, should receive a RQD rating of zero. 
Deere (1988) further considered weathering grades as applied to RQD with reference to the 
ISRM standard (ISRM 1981) and concluded that only rocks graded ‘Fresh’ and, ‘Slightly 
Weathered’ be included within the RQD count, and ‘Moderately Weathered’ should only be 
used with a qualifier; higher grades of weathering should be disregarded for RQD purposes.  
The RQD quality of a rockmass does not correlate directly with the friction angle along 
the joints, which have relatively low stiffness and shear strength that can effectively influence 
the overall mechanical behaviour of a rockmass. Cording and Deere, (1972), showed that 
RQD is insensitive to hydrothermal alteration and infill of joints. However, minimal joint 
alteration can cause a highly rated rockmass with excellent RQD core recovery to behaviour 
poorly if the alteration products are soft with weak cohesion and low friction angles. 
The linear nature of drill core introduces a directional bias to the discontinuity spacing 
that can distort the apparent geometrical distribution and RQD (E.g. Lyu, Pg et al. 2015). In 
this sense, the mean spacing and fracture frequency values cannot describe the 
disproportional effect that individual larger spacing values have compared to many small 
spacing values combined over similar defined lengths. Hudson and Harrison (2007) address 
this issue mathematically relating the natural distribution of discontinuity spacing to RQD. It 
is the natural tendency for large samples (>200) of discontinuity spacing values to form a 
negative exponential distribution representing a trend towards smaller spacing values with 
fewer larger values sampled. This distribution is predictable and relates to the superimposing 
nature of geological events as each produces discontinuities of a given distribution clustering 
and spacing values will converge (Figure 6-4). In a series of mathematical operations 
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Hudson and Harrison (pp 199- 121; 2007) relate the fracture frequency to RQD utilising the 
negative exponential distribution of spacing values obtaining (Equation 4-21): 
RQD∗ = −3.68λ + 100.4 
Equation 4-21 
Hudson and Harrison (2007) showed the calculated RQD* is most sensitive for spacing 
values in the range 0-0.3m and as the original RQD defined a ‘threshold value’ that limits the 
application to spacing values (or intact rock lengths) to ≥ 100mm (Deere 1963), a flexibility 
‘threshold value’ (t) is introduced to allow large spacing values to be considered 
(Equation 4-22): 
𝐽𝐽𝑅𝑅𝑅𝑅∗ = 100(𝜆𝜆𝜆𝜆 + 1)e−λ𝑡𝑡 
Equation 4-22 
4.6.2 Rock Mass Rating (RMR) 
Bieniawski (1973) first introduced the Rock Mass Rating classification system (RMR) as 
the Geomechanics Classification. An empirical system, RMR emerged from his experience 
excavating shallow tunnels in sedimentary rocks to serve as a direct input to support design. 
RMR employs six geological parameters relating to the strength, structure, and joint 
condition to describe and rate the rockmass (Bieniawski 1989). 
Since its inception, RMR has undergone several significant changes surrounding the 
number and nature of the parameters (Bieniawski 1974), and the rating scale and support 
recommendations (Bieniawski 1976). The current version (Bieniawski 1989) suggests RMR 
values need not be discreet values, but could be extrapolated between the classes making it 
important to quote which RMR value is being presented (i.e. RMR78 or RMR89). 
RMR first divides the rockmass into structural regions bound by large-scale features for 
separate classification. The six parameters are then determined, rated, and summed to 
obtain a RMR rating from 0 to 100 points (Table 4-3). 
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1. uniaxial strength of the intact rock material 
2. RQD 
3. spacing of discontinuities 
4. condition of discontinuities 
5. groundwater conditions 
6. the orientation of discontinuities with respect to the excavation 
The sum of the first five parameters becomes the basic RMR value (RMRbasic) and the 
sixth parameter relating to the favorability of orientsation to the excavation design is applied 
separately depending on the engineering application. Not all parameters influence the 
rockmass strength equally and a weighted rating system is employed to factor their 
contribution according to the criteria presented in Table 4-3 to determine the rock class 
outlined in Table 4-4. 
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Table 4-3. Input parameters for RMR89; modified from Bieniawski 1989 
 
 
Table 4-4. RMR rockmass classes from RMR ratings (Bieniawski, 1978) 
 
Rockmass 
Parameter
Rating 100-81 80-61 60-41 40-21 < 20
Classification of 
rockmass Very Good Good Fair Poor Very Poor
Average stand-
up time
10 years 
from 15m 
span
6 months 
for 8m 
span
1 week 
for 5m 
span
10 hours 
for 2.5m 
span
30 
minutes 
for 1m 
span
Cohesion of the 
rockmass > 400 kPa
300-400 
kPa
200-300 
kPa
100-200 
kPa < 100 kPa
Friction angle of 
the rockmass >45° 35° - 45° 25° - 35° 15° - 25° <15°
Rock Mass Rating (Rock class)
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The sensitivity of the rockmass quality to changes in joint condition is considered by the 
Discontinuity Condition parameter. This rating consists of five parameters, persistence, 
separation (aperture), roughness, infill type and thickness (gouge), and weathering to 
describe the joint condition (Table 4-5).  
Table 4-5. Classification of Condition of discontinuities parameter Chart E RMR89; (Bieniawski 1989) 
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4.6.3 The Geological Strength Index (GSI) 
4.6.3.1 Introduction 
The Geological Strength Index, (GSI) was introduced in 1995 as part of the Hoek-Brown 
failure criterion (1980, 1994) replacing RMR which was not well suited to poor quality 
rockmass. The chart format of the GSI classicisation system promotes in-situ classification of 
the rockmass and applies parameters that retains the geological character of the structural 
blockiness and the condition of the joint surface (Figure 4-12) (Marinos, Marinos et al. 2005, 
Marinos, Marinos et al. 2007). The main geological constraints of blockiness and surface 
condition form the charts axes and the geologically index is simply to rate in the field. 
Progressive modification and adaption of the GSI chart has occurred to accommodate a 
wide range of rock types within the Hoek-Brown failure criterion (Figure 4-14) (Hoek 1994, 
Hoek, Marinos et al. 1998, Marinos and Hoek 2001, Marinos, Marinos et al. 2007, Hoek, 
Carter et al. 2013). 
The strength of the GSI system is the easy application of the GSI chart that enables an 
observer to quantify the blockiness and surface conditions of the rockmass from visual 
observations and define a range of GSI values (Hoek and Brown 1980, Hoek, Carter et al. 
2013). This approach of characterising rockmass from a geological approach rather than an 
engineering one retains a greater degree of geological reality, has the flexibility to 
characterise complex rockmasses, and provides robust inputs into numerical modelling. 
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Figure 4-12. Geological strength index chart for jointed rockmass (Hoek & Marinos, 2000) 
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4.6.3.2 Rockmass Classification 
The GSI classification system was fashioned to address the two principal factors 
considered important influences on the mechanical properties of a rockmass – the structure 
(or blockiness), and the condition of the joints (Hoek and Brown 1980, Hoek 1999, Hoek, 
Carranza-Torres et al. 2002). Initially, GSI directly replaced RMR in the Hoek-Brown failure 
criterion and served in transfer equations that described rockmass properties from intact 
rock parameters for application in the Hoek-Brown failure criterion. Compared to other 
classification schemes the GSI system provides the descriptive controls for classifying the 
observational characterization of rockmass that are perhaps missing from the other systems. 
The early classification schemes of RMR (Bieniawski 1973, 1976) and Q system (Barton, 
Lien et al. 1974, Barton 1976) were developed primarily for the application of tunnel support 
in blocky ground. The merits of these schemes are evident in their successful application in 
hundreds of constructed tunnels and the initial use of RMR in the Hoek-Brown criterion 
(Hoek and Brown 1980, Hoek, Carranza-Torres et al. 2002). As the Hoek-Brown failure 
criterion developed it was found that the RMR system was not well suited to poor quality 
rockmass having been developed in reasonable quality rockmass (RMR>30). Many 
numerical analysis methods, which used the Hoek-Brown failure criterion already, accounted 
for a number of the basic RMR description parameters and the terms relating to strength, 
structural orientation, and groundwater were accounted for twice. RMR and to a smaller 
degree the Q system are limited by an ‘ideal’ application range of competency and both 
contain parameters not suited to current numerical modelling. In the range of blocky 
rockmasses, RMR76 and GSI are interchangeable (Hoek et al. 2013) but RMR is difficult to 
apply when discriminating between rockmasses of low general competence. The Q system 
also includes parameters for groundwater and stress developed for estimating underground 
excavation support using parameters inappropriate for estimating rockmass properties 
(Barton, 1973). There are also elements of the joint system in Q that are difficult to describe 
from core alone and estimating Joint Number (JN) is particularly problematic. Weak 
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rockmasses presented a problem for empirical classification scheme developed in good 
quality rock under moderate stresses (Palmstrøm, 2000, 2005; RMR; Q). 
It is at the extremes of the rockmass scales where early classification scheme fail and 
although the GSI characterization is typically limited to 20 – 60, its observational approach 
can be useful outside these ranges. The earlier schemes suffer from many of the same 
problems at both the low and high ends of the rock competence scale but they are not 
redundant and there is merit in undertaking more than one classification to obtain a proper 
spectrum of characteristics. In particular, the Rock Quality Designation (RQD) in weak 
rockmass is essentially zero or meaningless, and it was decided that RQD should be omitted 
from the original failure criterion and a greater emphasis placed on basic geological 
observations reflecting the material and structure of the rockmass in its geological 
framework. Support systems are not considered and rock competence indices estimate 
rockmass properties leading Hoek et al (1992) to name it the ‘Geological Strength Index’ 
(GSI). GSI does not include factors for intact strength, in-situ stresses, and/or groundwater 
pressures, because these factors would normally be allowed for in any numerical analyses. 
GSI requires careful engineering geology description of the rockmass gained through 
inspection of underground exposures, surface outcrops, and excavations. The intended 
engineering application should be considered when interpreting and integrating GSI values 
from different data sources such as drill core, weathered outcrops, and man-made 
exposures though the life of a project. Early stage investigations may be limited to surface 
outcrops that suffer from relaxation and weathering and will not represent fresh rockmass at 
depth. As drill core becomes available and fresher rocks are exposed the fresh and 
weathered material should be compared to gain insights into the effects of weathering 
decomposition and regolith development has on rockmass character. The intention of the 
GSI charts verses a table of observations is to emphasise the ‘in-field’ application to define a 
GSI value. However, observations and GSI ratings should not be limited by the cartoons 
depicting ‘blockiness’ on the GSI chart as the demarcation is model-based and the rockmass 
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interpretation should refined to an appropriate intermediate value using intact rock and 
surface condition observations. 
A key factor in the application of GSI within the Hoek-Brown criterion is setting the 
relative scale of the problem to the scale of the rockmass correctly (Carter & Marinos, 2014). 
GSI is limited to homogeneous and isotropic rockmass and therefore requires the scale of 
the rockmass to be sufficiently large such that the size of individual rock pieces is sufficiently 
small in relation to the overall size of the excavation (Figure 4-13). This criterion makes the 
strength of the rockmass constant and is straightforward to apply where rockmasses can be 
considered blocky (Figure 4-12). When the rockmass has a mean block size at similar to the 
dimensions of the excavation the Hoek-Brown criterion is not applicable (the rockmass has 
the strength of the intact rock), and the GSI should not be used. Similarly, in a large-scale 
excavation, the block size is often small in comparison and the rockmass is considered as 
an isotropic Hoek-Brown material. The GSI system is unsuitable for classifying rockmasses 
with clearly defined dominant structural fabrics or completely sheared structure. In these 
cases, the difference in intact rock and discontinuity strengths will diminish with increasing 
deformation as the rockmass trends towards a soil-like structure. (Figure 4-12). 
Input of GSI values into the Hoek-Brown criterion is then straightforward, and depending 
on the scale of the engineering problem with respect to the rockmass scale (Figure 4-13) the 
appropriate mi, s, and a constants are derived (Equation 4-13). 
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Figure 4-13. Limitations on the use of GSI depending on scale (Hoek et al., 2013) 
4.6.3.3 Rockmass failure criterion 
The GSI system attempts to replicate a typical blocky rockmass in competent conditions 
by considering it as a material, set within a discontinuity framework defining a matrix of 
blocks. This is consistent with the original concepts motivating the development of the Hoek-
Brown criterion to its present generalised effective stress form (Equation 4-23); (Hoek, 
Carranza-Torres et al. 2002): 
σ1
′ =  σ3′ +  σci �mb σ3′σci + s�a  
Equation 4-23 
Where, 
mb =  miexp �GSI − 10028 − 14D� 
Equation 4-24 
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And, 
S = exp �GSI − 1009 − 3D � 
Equation 4-25 
With 
a =  12 +  16 �e−GSI/15−e−20/3�  
Equation 4-26 
The Hoek-Brown criterion is formulated such that GSI is only dependent on the degree of 
fracturing and the surface condition of the discontinuities of the rockmass, and is 
independent of the uniaxial compressive strength of the intact rock blocks σci (Figure 4-11). 
Material constants and intact strength values transform the geological description of the GSI 
classification into the Hoek-Brown rockmass failure criteria (Equation 4-24, Equation 4-25, 
and Equation 4-26). 
The intact rock material constants mi, s, and the exponent a, expressed the scale 
invariant petrographic texture and degree of mineralogical interlocking in the intact rock. The 
inclusion of these parameters in transfer equations accounts for any basic differences in 
mineralogical character within intact rock types that can have an effect on GSI and rockmass 
behaviour (Carter & Marinos, 2014). The significance of the material constants reflect 
intrinsic material properties that characterise the strength of the mineralogy and texture at 
the test sample scale. The intact material constant mi is an intact rock parameter determined 
by fitting a strength envelope to a set of tensile, uniaxial compressive and triaxial test data 
classified by rock type. Large datasets for intact rock testing across a number of rock types 
reveal a clear trend of higher mi values for coarse-grained rocks and lower mi values for finer 
grained rocks. Variability in the mi value between rock types stems from variability in mineral 
content, foliation and grain size (texture). The more heterogeneous an intact rock is the 
greater these petrographic characteristics will influence strength during testing resulting in a 
range of mi value. The intact mi value can estimated by the relationship between the 
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compressive (UCS) and tensile strengths (σt) stresses as defined in the Griffiths Crack 
theory (Griffith Crack Criterion), according to (Equation 4-27): 
σt =  −UCSmi  
Equation 4-27 
To reduce the errors associated with geological variability site-specific mi value should 
be determined through the regression of test data whenever possible (Connor Langford and 
Diederichs 2015). Hoek and Brown (1980) originally recommended that due to the high 
degree of variability between natural rocks the intact constant mi should only be calculated 
from test data during the curve-fitting operation; acknowledging the expense and difficulty in 
obtaining tests data they published a table of average mi values for representative rock 
types (Table 4-1). As the application of the Hoek-Brown criterion increased Hoek (1994), 
Hoek et al. (1995) and Hoek & Brown (1997) further refined the relation between GSI and 
the material constants mi and s (Hoek, Carranza- Torres & Corkum, 2002). A major revision 
removed the ‘switch’ required in Hoek, Kaiser, & Bawden (1995) at GSI = 25 replacing it with 
a more general Disturbance Factor (D) to represent the downgrading due to blast damage. 
The Disturbance Factor is only applicable to rockmass in the blast damage zone and is 
invalid elsewhere. The D value is determined from graphical tables published in Hoek et al, 
2002 (Table 4-6 and Table 4-7). 
The rockmass material constant, mb represent the strength of the rockmass and 
characterise a downgraded value of intact rock strength, diminished by the structure of the 
joints network (GSI) and amount of blast damage (D) (Equation 4-24). For intact rock GSI = 
100, and mb =mi, s =1, and a =0.5, at a given confining stress (σ3/σci) (c.f. Equation 4-13 & 
Equation 4-23). When discontinuities are incorporated GSI< 100 and similarly s <1, and 
a<0.5, and the strength of the rockmass (mb) is a degraded representation of the intact rock, 
mb <mi. The Hoek-Brown failure criterion and GSI classification system allow a more 
geological estimation of the mechanical properties of a rockmass and in particular the 
 79 
 
compressive strength σ1ʹ and the Modulus of Deformation (Erm) that are required for 
numerical analysis (Hoek and Diederichs, 2006; Carter 2014). 
Table 4-6. Guidelines for the selection of the Disturbance Factor D (after Hoek et al. 2002) 
 
Table 4-7. Guidelines for estimating disturbance factor D 
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4.6.3.4 Modulus of Deformation 
The behaviour of jointed rock masses is characterised by the Modulus of Deformation 
(Erm), which describes the non-linear relationships between the applied load and strain. Non-
linear behaviour in the rockmass comprises a short elastic response before yielding into 
plastic flow that terminates at failure. Hoek and Diederichs (2006) utilises the modulus of the 
intact rock (Ei), GSI and D to calculate Erm (Equation 4-28). The mathematical expression 
incorporates the influence of structure, joint condition, and blast damage to modulate the 
intact elastic modulus for rockmass materials (Equation 4-28). The deformation modulus 
provides an important input into numerical modelling of rockmass. Numerical finite element 
analyses require the deformation modulus to calculate the distribution of stress, and the 
displacement and failure of the rockmass around underground excavations (Palmström and 
Singh 2001). 
Erm = Ei �0.02 +  1 − D/21 + e((60+20D−GSI) 12⁄ )�   
Equation 4-28 
4.6.3.5 Development and Quantification of the GSI Chart 
As the use of the Hoek-Brown criterion, gained momentum in the industry a need arose 
to improve the useability of the GSI chart in difficult rock types such as weak 
inhomogeneous rockmasses, and a demand for quantified equivalents where visual 
characterisation was lacking (Hoek et al. 1998, Marinos and Hoek 2000; Hoek & Carter, 
2013). As usage of the GSI chart system increased new charts were designed to address 
the difficulties of classify heterogeneous and structurally complex rockmasses such as flysch 
and molassic formations (Marinos and Hoek 2001; Hoek et al. 2005; Marinos et al. 2007; 
Marinos et al. 2012; Marinos 2014), ophiolites (Marinos et al. 2005), gneiss, and limestones 
(Marinos 2007, 2010). Carter and Marinos (2014) complied all of the GSI charts published in 
papers and organised them in terms of probable values of mi and σci for the intact rock 
material (Figure 4-14). Collectively the charts cover a wide range of rockmass competence 
indicative of the geological variability common in mining. The charts track the mechanical 
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behaviour of the rockmass from the extremely competent granite-gneiss rockmasses whose 
non-degradable fabrics and high strengths can lead to spalling and rock bursts in high-
strength/high stress conditions to the low competence rockmasses where squeezing and 
closure behaviours are characteristic problems (Carter & Marinos, 2014).  
 
Figure 4-14. A compilation of published GSI charts expressed in terms of probable mi and σci for the 
parent rock material. Common GSI ranges for typical lithologies are shaded with multiple zones relating 
to textural variability, weathering, and alteration; modified from Carter and Marinos, 2014 
In its current format the geological strength index allow assessment of lithology (i.e. 
choose the appropriate chart), the blockiness of the structure, and the condition of 
discontinuity surfaces defining the rockmass. The intended focus was to rely solely on the 
visual description of a rockmass as the basis for ascribing it a GSI value using the GSI chart 
(Figure 4-12). In time, it became apparent that some practitioners lacked the necessary 
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geological experience to classify the GSI parameters rigorously leading to a level of 
confusion and inconsistency and producing doubtful GSI values when converting from other 
classifications schemes. Several authors have presented conversion factors for obtaining a 
GSI value from other quantified parameters such as block volumes and modified surface and 
structural ratings (Sonmez and Ulusay 1999, Cai, Kaiser et al. 2004, Russo 2009). In 2013,  
Hoek, Carter, et al., introduced a set of quantitative conversion rules on the side of the GSI 
chart to complement the original visual approach (Figure 4-15) and provided a flow chart for 
arriving at appropriate Hoek-Brown parameters (Figure 4-16). Quantifying the blockiness 
meant the introduced of RQD into the scheme; original omitted by Hoek and Brown (1980), 
the RQD concept was included as it is considered generally well understood and it is 
accepted as a reasonable estimates of brokenness within blocky rockmass conditions (Hoek 
et al 2013). Similar to the attempts by previous authors to quantify the original GSI chart the 
latest version has limitations but is reliable enough in most circumstances as a good starting 
point for characterisation (Hoek et al., 2013). The assumptions relating to the frequency and 
orientation of discontinuities, and a homogeneous rockmass with not tectonic disturbance or 
disorderly structural fabrics limit the application of the quantified GSI equivalent; outside 
these limits, the original qualitative approach is employed based on careful visual 
observations. 
GSI rating is not precise and data collection rationales should identify the population of 
GSI values for each geotechnical rockmass. Re-interpreting the statistical distribution of 
rockmass quality with the geological reality gives a physical meaning to the, mean and 
standard deviation (Marinos, Marinos et al. 2007). In this way, the Xantho case study defines 
the quality of the metasomatosed rockmass, relating statistical traits in fracture populations 
to lithological, metasomatic, and environments controls. 
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Figure 4-15. Quantification of the modified GSI chart by RQD and Joint Condition (Hoek et al, 2013) 
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Figure 4-16. Data entry stream for using the Hoek-Brown system for estimating rockmass parameters 
for numerical analysis (Hoek et al., 2013) 
4.6.3.6 Metasomatic Alteration 
The existence of rock type specific GSI charts and the wide range of GSI values reported 
for single lithologies using these charts, highlight how geological differences in mineralogy, 
texture, and alteration affect the geotechnical properties of rockmass (Marinos and Hoek, 
2000, Hoek et al., 2005, Marinos et al. 2005, Marinos et al., 2011). Metasomatic processes 
creates complex hydrothermal alteration domains, variably overprinting existing rockmass 
domains. The effect of the type and intensity of hydrothermal alteration on the defect and/or 
intact rock can produce varying rockmass quality over short distances leading to a range of 
alteration-based GSI ratings. 
Rockmass behaviour is strongly influence by the condition of the surfaces, which are 
susceptible to alteration from metasomatic fluids. Open joints act as conduits for migrating 
fluids that react with the wall rock and precipitate coatings of secondary alteration minerals. 
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Changes in the behaviour of the joint can occur during small fluid fluxes with changes in the 
roughness and/or surface strength influence by the shape, strength, and stiffness of the 
secondary mineral. Secondary phyllosilicates (chlorite, mica) and clays minerals are 
common alteration minerals that deposited along joints or infill as veins. Their platy habit and 
low hardness reduces surface cohesion and quickly alters the inelastic response of the 
rockmass by decreasing the shear modulus with no change in intact rock strength 
(Figure 4-17). Joints are also infilled by harder and blockier alteration minerals such as 
quartz and carbonate. The crystalline habit of the quartz crystal creates interlocking surface 
roughness and its greater material strength can enhance the overall elastic stiffness of the 
joint relative to the wall rock and increase the shear modulus of the joint (Figure 4-17). The 
GSI chart accounts for hydrothermal alteration on surfaces with reference to weathering, 
clay precipitates, and polished or slickensided surfaces, features that are commonly 
observed in a chlorite-altered rockmass (Figure 4-12). The change in surface rating for weak 
quartz alteration is less intuitive. An altered joint with weak quartz altered surface matches 
the GSI chart descriptions for conditions Fair to Poor while the mechanical consequence is 
an increased surface roughness and stiffer joints (Figure 4-17). The behaviour of infilled 
joints (veins) as defects in the rockmass depends on the relative properties of the mineral 
and wall rock with large material contrasts focusing strain in the weaker material, and similar 
materials distributing strain more evenly. 
Large, sustained metasomatic fluid fluxes will overwhelm the fracture network and 
infiltrate the intact rock along grain boundaries and micro-defects in crystals. Such intense 
and pervasive alteration can form a relatively homogenous rockmass composed entirely of 
secondary minerals with little or no texture. In the case of silica alteration, the interlocking 
nature of crystalline quartz will anneal the quartz vein infill to the wall rock overprinting the 
joint network and forming a massive homogeneous rockmass. Such massive to intact 
rockmass have the highest good quality GSI range (≥ 80; Figure 4-17), but as the scale of 
the excavation decreases the joint density reduces and the rockmass failures to satisfy the 
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isotropic conditions for GSI classification and application of the Hoek-Brown failure criterion 
(Figure 4-13). The massive character of the rockmass coupled with the high strength and 
stiffness of silica alteration makes them prone to potentially high-energy failures such as 
seismicity, rockbursts, and core disking (Singh 1986, Singh 1989) (Figure 4-17). 
 
Figure 4-17. Indicative example of how GSI ratings consider tectonism (grey) compared to weak 
silica (yellow) and chlorite alteration (green) and deterioration caused by intense chlorite alteration; 
modified from Carter & Marinos, 2014) 
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4.6.4 Core Disking 
Failure mechanisms such as rock burst and core disking occur in relatively massive 
rockmass in high stress situations found in underground mines ((Jaeger and Cook 1963, 
Haimson and Lee 1995, Hakala 1999, Ohta 2001, Kang, Ishiguro et al. 2006, Lim, Martin et 
al. 2006, Lim and Martin 2010)). Core disking is a relatively common phenomenon in deep 
subsurface mines where cylinders of drill core fracture and cleave into thin disks with uniform 
spacing and shape in response to the large transient stress change during drilling (Lim, 
Martin et al. 2006). The onset of disk fractures (ring-disking) leading to disk separation in a 
rockmass requires that in situ stress levels approach the in situ intact rock strength, local 
mine stiffness is lower than the loaded rockmass stiffness, and maximum and intermediate 
principal stresses are nearly perpendicular to the core axis (Figure 4-18); (Kaga, Matsuki et 
al. 2003). Studies have shown that core disking occurs due to tensile stress induced by 
coring within or below a drill core stub when the maximum and intermediate principal 
stresses are nearly perpendicular to the core axis (Kaga, Matsuki et al. 2003 and references 
therein) independent of core diameter (Lim, Martin et al. 2006).  
Several methods have been suggested to utilise the shape and thickness of individual 
disks to obtain information about the magnitude and direction of far-field principle stresses 
within the rockmass (Jaeger and Cook 1963, Li and Schmitt 1998, Yongyi and Schimt 1998, 
Hakala 1999, Lim, Martin et al. 2006). When core disking occurs, the spacing and the shape 
of the disk indicate the local state of in situ stress, while the location in the mines rockmass 
highlights domain of high far-field stress. The earliest laboratory experiments on disking by 
Jaeger & Cook (1963) used cylindrical cores and found the average applied stresses 
required to initiate core disking are less than UCS revealing an inverse relationship between 
the magnitude of applied principal stress and the thickness of the resulting disk. More 
recently, the development of triaxial testing equipment by Haimson & Lee (1995) 
substantiated the correlation between applied stress and disk thickness over limited applied 
stress combination. Significantly, Jaeger & Cook (1963) noted the clean, non-sheared disk 
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surfaces were slightly concave (saddle shaped) citing them as evidence of a tensile fracture 
mechanism. Saddle shaped disks were also noted in biaxial loading experiments by Obert & 
Stephenson (1965) who offered a criterion which provides the threshold of axial and lateral 
stress for inducing core disking, where horizontal stress must be greater than 50% of the 
UCS. Overall work has shown that the low points in the disk indicated the direction of 
maximum horizontal stress. By measuring the strength properties of the rock, the 
dimensions of the disk, and the orientation of the saddles axes, the nature of the far-field 
stress can be determined at that location. 
 
Figure 4-18. Core fracturing and disking criterion as a function of far-field orientation and the 
magnitude of in situ stress; modified from Lim et al., 2006 
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4.7 Numerical Modelling 
Numerical modelling is a common analysis tool in rock mechanics used to gain insights 
into physical processes, make predictions regarding rockmass behaviour during mining, and 
consider internal components of rockmass systems separately rather than combined into a 
single value. (Day, Hutchinson et al. 2012). Modelling techniques can provide greater 
understanding about current and potential stress/strain distribution and the behaviour of the 
rockmass to excavation and support systems, and conduct sensitivity analysis to provide 
design guidance and flexibility over the duration of than engineering project. Together with 
laboratory and field tests, quantified geological classification schemes such as GSI produce 
the model inputs required to generate the governing rockmass equations (Sopacı and Akgün 
2015). The rise in numerical analysis largely drove the development of site investigations 
schemes such as GSI, which stemmed from the need to obtain robust numerical inputs to 
represent the character of the rockmass. Most of the numerical modelling involves using 
linear elastic, static, and boundary element programs suited to addressing complex 
geometries and the material behaviour of jointed rock mass (Jing and Hudson 2002). 
A numerical model represents a mathematical simplification of a compound system 
whose analytical solution would be too complex. Models differ in their approach and 
conditioning, but all numerical models solve the same series of algorithms and equations to 
produce computational solutions that are only ever approximations of the exact solution. All 
models initial sub-divide, converts continuous rockmass parameters into individual elements 
in a discretization process that transforms the governing continuous equations into discrete 
counterparts, and mathematically represent their properties as limiting differential and/or 
algebraic equations. The behaviour of the whole system is approximated by combining the 
solutions and solving the equations of equilibrium, satisfying the strain compatibility 
equations, and enforcing any prescribed boundary conditions. The type and number of 
numerical inputs define the behaviour of the model, the simulation run-time, and represent 
the main source of uncertainty limiting the interpretation of results. The capacity to know and 
control uncertainties associated with the geometry, in situ stress, and intact and rockmass 
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properties of the model comes at an economic cost and more inputs generate greater 
uncertainty and limits the strength of the interpretative and predicative outcomes. 
The integrated differential equations for equilibrium and continuity and elasticity and non-
linearity govern the numerical model. The equilibrium and continuity equations do not require 
input data as they maintain the constant energy of the system and prohibits volume change 
in the material during deformation. Intact rock testing provides inputs for the elasticity and 
non-linearity equations. The elasticity equations require the intact and/or rockmass Young’s 
modulus (E), Poisson’s ratio (ν), shear modulus (G) and bulk modulus (K) inputs, while the 
peak (UCS, mi/mb, s), and residual (ψ) rock strengths characterise the non-linearity 
equations. This allows the model to represent the behaviour of the rockmass using the 
materials stress-strain relation as defined by failure criteria such as Hoek-Brown or Mohr-
Coulomb, and its post-yield strain-softening, inelastic behaviour. The choice of failure 
criterion dictates the models ability to represent elastic, plastic, and/or inelastic material 
behaviour and reflects the type of input data available and the outputs required at each 
stage of a project. Elastic models only require inputs for the excavation geometries, two or 
more of the elastic rock constants (E, ν, K, G), and far field stresses (σ1 σ2 σ3) and do not 
require inputs for peak (UCS/UTS) or residual strengths. These minimal input parameters 
produce reliable model outputs for in situ stresses, but are not reliable for strain and 
displacement analysis due to the model inability to represent and distribute yield. The failure 
of the model to shed yield means areas that model as peak strength have already yielded 
and if the yield volume is large the reliability of the stress model declines. Models that 
accommodate the redistribution of stress and yielding are termed plastic models and are 
defined by one of three constitutive models, strain-hardening, elastic-plastic, and strain-
softening (Figure 4-19). 
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Figure 4-19. Constitutive models for material behaviour 
Plastic models require additional strength inputs (UCS/UTS) to solve the constitutive 
equations of plasticity and model peak and post-peak stress-strain behaviour. Rockmass 
behaviour requires input on yield strength (ϲ, Φ, UCS/UTS, mi/mb), post-yield behaviour and 
structure. The Generalized Hoek-Brown failure criterion provides a robust estimate of peak 
strength, but post-peak behaviour is hard to define (Benz, Schwab et al. 2008). Studies 
show rock failures in the field are a product of large strains at low stresses, while laboratory 
testing often demonstrates strain softening. Elastic-plastic (or perfectly plastic) material 
models achieve infinite strain at peak-strength and produce similar yield volumes to elastic 
models. Non-linear strain hardening/ softening model can produce variable stress-strain 
curves dependent on post-peak material properties and residual behaviours that are 
challenging to define. The quality of input data requires sensitivity testing and calibration 
using qualitative and quantitated rockmass behaviour (e.g. damage mapping, squeezing, 
and seismicity) can reduce the post-peak uncertainty. 
The most commonly applied numerical methods for elastic and plastic rock mechanics 
problems are the Continuum and Discrete methods. The continuous models treat the 
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rockmass as an elastic homogenous mass containing no joints and the discontinuous plastic 
models are able to consider the influence of discontinuities; hybrid models combining both 
types can overcome individual limitations (Figure 4-20). 
I. Continuum methods 
o finite element method (FEM) 
o finite difference method (FDM) 
o boundary element method (BEM) 
II. Discontinuous methods 
o discrete element methods (DEM) 
o discrete fracture network (DFN) 
The choice of specific continuum or discrete method depends on a number of geological 
and outcome specific factors at the scale of the problem but the main distinction is the ability 
to consider the geometry and influence of the fracture system. In continuum-based methods, 
the contact patterns between the elements of the system are fixed while in discontinuous-
based methods they are continuously changing with the deformation process (Jing 2003). 
The continuum approach is suitable for mass, homogenous rockmasses where few 
discontinuities are present or where so many discontinuities exist that the overall behaviour 
can be considered isotropic. In contrast, the discrete approach is most suitable for 
moderately fractured rockmasses where the number of fractures is large or where large-
scale displacements of individual blocks are possible (Jing and Hudson 2002, Lisjak and 
Grasselli 2014). There are no absolute advantages of one method over another and 
combined continuum-discrete hybrid models can circumvent individual limitations. In this 
thesis, the Xantho case study employs a continuous approach to model the Xantho 
rockmass. Consequently, only the three main continuum methods are discussed further. 
4.7.1 Continuum methods 
The continuum approach is applied to problems where there only a few fractures present 
and fracture opening and complete block detachment are not significant factors (Jing and 
Hudson 2002). The continuum methods assume that all points in the material are bound 
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together, the material cannot be broken into parts, and no point can be transposed relative to 
its neighbours, which remain in the region throughout the deformation process (Jing 2003). 
This interconnectivity means that within the problem domain an infinite number of 
independent elements with well-defined inter-relations determined the global behaviour of 
the system. Mathematically, the continuous system has infinite degrees of freedom that are 
represented by infinitesimal element theory implying an infinite number of components that 
describe the behaviour of the system at any point through differential equations (Jing, 2003). 
The Finite Element Method (FEM) and Finite Difference Method (FDM) are in practice 
terms indistinguishable as both methods relate the conditions at a small number of nodal 
elements within the material to the state within a finite closed region formed by these 
elements (Jing, 2003). The basic technique in both methods is the discretization (sub-
division) and replacement of the governing partial differential equations (PDE) by simpler 
mathematical operations defining each element in conjunction with neighbouring grid 
elements. The FEM/FDM solution subdivides the problem area into a finite number of sub-
domains elements whose behaviour is estimated by simpler algebraic mathematical 
descriptions with finite degrees of freedom to approximate the PDE (Jing, 2003). FEM is 
perhaps the most versatile of all methods and requires the discretization of the problem 
domain into a collection of elements of smaller sizes and standard shapes (triangle, 
quadrilateral, tetrahedral) with known number of nodes at the vertices and/or on the sides 
(Jing, 2003). FEM employs polynomial trial functions to approximate the behaviour of PDEs 
at the element level. Generated locally, algebraic equations are assembled according to the 
topologic relations between the nodes and elements that represents the behaviour of the 
elements. The FEM approached is limited by the general continuum assumption and is not 
applicable to rockmass that contains many fracture elements, block rotations, complete 
detachment, and large-scale fracture opening because FEM formulations requires that 
fracture elements cannot be torn apart. FDM directly approximates the governing PDE 
transferring the original PDEs into a system of algebraic equations by replacing them with 
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differences at regular or irregular grids imposed over a regular grid system in the problem 
domain. The main drawback with conventional FDM is its inability to incorporate explicit 
representation of fractures, complex boundary conditions, and material heterogeneity and is 
generally unsuitable for modelling practical rock mechanics problems (Jing, 2003).  
The boundary element method (BEM) approximates a solution to the PDE domains by 
first calculating the PDE on the boundary using integral equations, and then using this more 
global solution to solve the interior domain. This method allows much larger domains to be 
approximated when a FEM approach would have too many elements to be numerically 
practical. The main advantage of the BEM is a much simpler mesh generation and input data 
preparation as the boundary approach reduces the computational model dimension by one 
and full domain discretization is not required. Compared to FEM/FDM at the same level of 
discretization, the BEM is often more accurate as its direct integral formulation and 
continuous solutions inside the domains model behaviour better than the pointwise 
discontinuous solutions FEM/FDM obtain. The continuous solution domains can be divided 
into several sub-domains with different material properties that improves simulation 
runtimes. The BEM is more suitable for solving problems of fracturing in homogeneous and 
linearly elastic bodies and is not as efficient as FEM in dealing with material heterogeneity, 
simulating non-linear material behaviour, such as plasticity and damage evolution 
processes. 
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Figure 4-20. Continuum, discontinuous, and hybrid models (Bobet et al. 2009) 
The distinct element method (DEM) is an effective method of addressing rock mechanics 
problems in discontinuous materials. DEM represent the fractured problem domain as an 
assemblage of blocks formed by connected fractures (Figure 4-20c; Lisjak and Grasselli 
2014 Jing, 2003). The problem region is treated as an assemblage of rigid or deformable 
blocks or particles whose equations of motion for mutual contacts need to be identified and 
continuously solved during the entire deformation process. The blocks can be rigid or be 
deformable with FDM or FEM discretizations. 
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Chapter 5. Metasomatism 
5.1 Definition 
In this thesis, metasomatism is defined as a process that involves a change in the 
chemical composition of mineral(s) within a rock facilitated by interaction with externally 
derived (open system) hot or cold ionic solutions or gases (Guilbert and Parks 1986, Putnis 
and Austrheim 2010). Furthermore, in this thesis hydrothermal alteration is used to describe 
the physical assemblages of alteration minerals in rocks resulting from the process of 
metasomatism. Metasomatic processes involves the chemical substitution of the original 
mineral phases in a rock by new mineral phases facilitated by a flux of fluid that delivers the 
chemical reactants and removes the aqueous products. This process is distinct from 
metamorphic re-equilibrium reactions that occur in locally derived (closed system) fluids. 
Metamorphic reactions occur predominantly at the grain-boundary scale and proceeds in 
response to changes in pressure and temperature without the need for large influxes of 
externally source fluids (Putnis and Austrheim 2010). Metasomatic processes in 
volcanogenic massive sulfide (VMS) deposits occur is response to an increase in thermal 
energy that promotes mineral instability and the physical and chemical conditions need to 
alter to more stable phases (Gifkins, Herrmann et al. 2005). Chemical exchange between 
the rocks mineral and metasomatic fluid alters the composition of both phases (Henley and 
Ellis 1983). The metasomatic reorganisation of altered phases will promotes physical 
changes in texture, porosity, and permeability that alter circulation pathways and the 
physical behaviour of the host rock. 
5.1.1 Alteration verses Weathering 
In engineering rock mechanics, the term ‘alteration’ can be confused with the products of 
surficial regolith processes (weathering). This is largely because there are similarities and 
overlap in the mineral products affecting rockmass characteristics, but the processes are 
vastly different. Large-scale geological processes can generate large volumes of volatile-rich 
solutions and gases that migrate into rockmass lithologies creating chemical disequilibrium 
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and providing the chemical potential to initiate metasomatic processes. Volatile fluid: rock 
compositions, pressure (depth), and temperature perturbations can all initiate localised 
energy gradients that dissipate through metasomatic processes, whose hydrothermal 
mineral assemblages reflect the new energy state. Periodic and/or overlapping metasomatic 
events produce complex overprinting relations in a style related to their geological setting. By 
contrast, weathering is the breakdown of the rockmass through physical processes (e.g. 
wind abrasion; thaw and freeze cycles), and chemical reactions (e.g. pH, Eh), that operates 
at or near the earth’s surface. Weathering is also a process that acts to reduce the 
disequilibrium gradient that exists in rocks now at the surface that formed at geological 
depths and temperatures by converting them into components stable on the earth’s surface 
(e.g. clays). The downward percolation of meteoric waters and the seasonal fluctuation of 
the water table results in an overall downward transport profile of soluble components and 
the accumulation of the residual components at the surface (e.g. laterite and bauxite), 
through mechanical and chemical degradation (Velde 1995, Fralick and Kronberg 1997, Arel 
and Tugrul 2001, Ehlen 2002). The processes and products of weathering is strongly 
dependent on the composition of the rock (lithosphere), the volume and composition of the 
solvent (hydrosphere), vegetation (biosphere), and the local climate cycles (atmosphere). 
These variables effect the progression of the weathering front into the strata, producing 
heterogeneity at various scales to form local weathering grades and regional profiles. The 
ISRM suggested methods (Reşat 2014) outlines the grades of weathering used to describe 
intact rock, rockmass, and discontinuities (from fresh rock W-I to clayey-sandy soil W-VI). 
In the context of rockmass classification, both processes degrade not just the intact rock 
material but also they change the character and competence of the rockmass fabric 
(Momeni, Khanlari et al. 2015). Phyllosilicate minerals such as clays (smectite, illite, and 
sericite), mica, and chlorite are common products of both weathering and metasomatic 
processes that have a pronounced effect on the character of the rockmass. When mining 
VMS ore deposits most rocks proximity to the main ore bodies are intensely altered, often 
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forming the hangingwall or footwall to excavations (e.g. stopes, decline). In addition, strong 
surface weathering extending down faults and discontinuities could produce unfavourable 
hydrogeological features and restrict slope angles for open pit design. Accordingly, the 
impact that these natural processes can have in degrading intact and rockmass material 
quality, strength and deformability from the initial non-weathered state should be considered 
in any operation. 
5.2 Alteration Processes 
The process of alteration may result from physical and chemical gradients at local to 
regional scales. Alteration can occur through the interaction of the rockmass with 
metasomatic fluids during physical changes in lithostatic pressure during burial, in thermal 
gradients association with the emplacement of intrusions, or a combination of all these 
processes (Gifkins, Herrmann et al. 2005). Metasomatic alteration is an open system 
process where an ionic fluid, externally derived from one or more magmatic, connate, 
groundwater, or seawater source, facilitates the chemical and textural reorganisation of the 
host rock. The effects of metasomatic alteration and metamorphic (isochemical) alteration 
may be inseparable as the processes operating are progressive and products can be similar 
in nature. At the rock scale, metasomatic reactions are driven by compositional 
disequilibrium and an unstable chemical potential between the rock and the solution. The 
rock/fluid ratio is dynamic and facilitates variable degrees of chemical exchange comprising 
a continuum of hydration, diagenesis, metamorphism, and hydrothermal alteration processes 
(Figure 5-1). 
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Figure 5-1. Cartoon depicting the continuum between isochemical and hydrothermal alteration showing the 
alteration processes common in submarine volcanic succession based on the relative degree of chemical exchange 
for each process; modified from Gifkins et al 2005 
Hydration is the change in composition and structure driven by the absorption of external 
water. Compositional changes result from both the gain in H2O and the losses in other 
elements like silica and alkalis. Hydration may not produce new minerals but the changes 
can facilitate subsequent alteration. Diagenesis encompasses the changes in the rockmass 
that occur during burial in response to changing temperature and pressure. There may be 
significant textural and mineralogical change driven by compaction, the dissolution-
precipitate of new and existing phases and matrix cements. Regional metamorphism 
involves pervasive, mostly isochemical change in mineralogical and textural by which a 
mineral assemblage re-equilibrates in response to increasing pressure and temperature  
(Yardley 1989, Bucher and Grapes 2011). Step-wise dehydration and decarbonation 
reactions produce H2O- and CO2-bearing fluids that can participate in further alteration 
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processes. While metamorphism is similar to metasomatism in that it involve material 
transport and compositional change facilitated by a fluid, but metamorphic reactions are 
locally length-scale dependent and occurs at the grain-boundary scale and does not require 
large influxes of externally source fluids (Putnis and Austrheim 2010). Contact alteration is 
associated with hot intrusion-related fluids that escape from a crystallising intrusion into the 
immediate host rock. Contact metamorphism, where an increase in temperature not fluid 
interaction drives change, typically results in recrystallisation of existing minerals and minor 
remobilisation of elements (i.e. dehydration). The local thermal perturbation caused by the 
emplacement of hot magma may initiate the circulation of heated pore fluids in and around 
the intrusion producing metasomatic reactions that may include major changes in texture, 
mineral assemblage, and whole-rock composition on a local centimetre scale to regional 
settings. 
Metasomatic processes associated with mineralisation are strongly influence by the 
geological setting and local environment. Hydrogen ion metasomatism (hydrolysis) is a very 
important alteration phenomenon involving the ionic decomposition of H2O into H+ and OH– 
ions. In conjunction with base-exchange, hydrogen ion metasomatism and hydration control 
the stability of silicate minerals, the pH of the metasomatic solution, and the transfer of wall-
rock cations into the solution. These processes are the primary reactions responsible for 
producing propylitic (actinolite-epidote-chlorite-quartz-carbonate), argillic (illite-smectite-
kaolinite-quartz-carbonate), phyllic (sericite-quartz-pyrite-carbonate), and potassic (biotite-
actinolite-potassium feldspar-quartz-carbonate) mineral assemblages, which are typical of 
most hydrothermal mineral deposits (Kerr 1955, Elder 1977, Humphris and Thompson 1978, 
Giggenbach 1984, Henneberger and Browne 1988, Putnis 2002, Putnis 2009, Putnis and 
Austrheim 2010, Hollis, Yeats et al. 2015). Thermal and chemical evolution of the 
hydrothermal fluid produces zonal domains of intense hydrolytic decomposition, and/or 
hydrogen ion metasomatism of silicates focused at the outflow point (fault, porous unit) 
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surrounded by hydrated propylitic alteration assemblages facilitated by the liberated OH– 
and CO2. 
5.3 Hydrothermal Alteration in VMS Deposits 
Metasomatic processes and hydrothermal alteration products reflect the composition of 
the rock: fluid fractions and the energy profile of the system. The geological environment in 
which the VMS ore system occurs play a fundamental role in determining the energy 
sources available to driven metasomatic processes and the initial compositions on a crustal 
scale. Volcanogenic massive sulphide (VMS) deposits form on or just below the seafloor in 
extensional settings analogues to modern black smoker deposits currently forming along 
divergent plate boundaries. VMS deposits form lens to sheet-like shaped bodies of sulfide-
rich rock surrounded by zones of intense alteration assemblages spatially associated with 
submarine volcanic rocks ranging in composition from basalt to rhyolite (Sangster 1972, 
Large, Allen et al. 2001, Large, McPhie et al. 2001, Schardt, Yang et al. 2003, Schardt and 
Large 2009). 
Extensive research on subaqueous volcanic terrains around the globe has identified 
seven major metasomatic processes with distinct alteration styles (Gemmell and Herrmann 
2001). Crustal thinning at divergent margins generates magma in the lower crust that rise 
and intruded into the base of the attenuating volcanic basin, providing the thermal energy 
balance to drive seawater circulation and initiate metasomatic processes (Figure 5-2). 
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Figure 5-2. Metasomatic alteration styles common in VMS deposits (Gemmell & Herrmann, 2001) 
Alteration styles associated with VMS deposits reflect the scale of the metasomatic 
processes driving regional alteration and ore-related alteration systems (Gifkins, Herrmann 
et al. 2005). Circulation models show that, in VMS settings the thermal perturbation of a 
shallow crystallising intrusion in a volcanic basin can initiate, drawdown, heating, and outflow 
of seawater to depths of 3-5 km over 10’s of kilometres (Gifkins, Herrmann et al. 2005). This 
facilitates large-scale mass transfer and ionic exchange through the volcanic sequence and 
allows the mixing, interaction, and focusing of magmatic, seawater, and connate fluids within 
structural corridors to produce VMS deposits. When the magma first intrudes and begins to 
crystallise the initial temperature flux causes dehydration and decarbonisation reaction in the 
volcanic compositions. This heated connate solution is driven away from the intrusion 
creating buoyant up-flow zones through the permeable volcanic pile. The displacement of 
the rising connate waters draws down cold seawater at recharge zones; increasing in 
temperature as it descends completing the convection cell (Figure 5-3). 
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The character of the hydrothermal alteration assemblages reflect the composition of the 
volcanic pile, the fluid: rock ratio (porosity), and the temperature and depth profile at the time 
of formation. At low temperatures (50-150°) seawater descending through the volcanic pile 
readily exchanging mobile K and Mg ions producing Mg-K-rich hydrothermal alteration 
assemblages of clays, chlorite, adularia, Fe-oxides, and zeolites. The seawater solution 
further gains soluble Na-Ca-Cu-Pb-Zn-Si ions liberated from the rocks changing its 
composition and enhancing its ability to form volcanogenic massive sulfide deposits. As the 
fluid continues to descend K ion exchanges gives way to Na ion exchange reactions in a 
transitional zone characterised by reactions and assemblages that occur between ~150-
300°C (Figure 5-3). Within this temperature range, K ions in the volcanic rocks readily 
exchange with Na ions in the seawater solution resulting in the formation of albite in the rock. 
Reacting with the abundant Mg ions in the evolved seawater solution Na-Mg metasomatic 
domains are characterised by albite-quartz-sericite-calcite alteration assemblages typical of 
greenschist facies metamorphism. Compositional gain in the rocks are offset with the loss of 
CaO, Zn, and Cu to the fluid (Gifkins, Herrmann et al. 2005).  
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Figure 5-3. Schematic cross-section of regional-scale fluid convection and the formation of semi-
conformable alteration zones with the addition (+) or liberation (-) of mobile ions and volcanogenic 
massive sulfide deposits (modified from Gifkins et al, 2005) 
With increasing depth, the NaCl-rich seawater solution is able to carry larger amounts of 
dissolved Si ions (Gifkins, Herrmann et al. 2005). As the fluid heats up closer to the intrusive 
source the solubility of Si ions in the seawater is reached and SiO2 (quartz) is precipitated in 
to pore spaces with associated Na-albitisation creating silica-albite-sericite alteration 
assemblages. This net gain in silica and sodium in the rock is accompanied by a loss in 
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FeO-MgO-CaO-K2O-MnO and other metals to the fluid (Gifkins, Herrmann et al. 2005). In 
the deepest setting adjacent to the crystallising intrusion Ca-Fe metasomatism reflects the 
high-temperature interaction between highly modified seawater and the partial dehydrate 
and/or decarbonised volcanic pile. The transfer of Ca, Fe, and Si to the rock, and Mg, Na, 
Mn, and K ions to the fluid, forms chlorite-sericite/actinolite-epidote-chlorite alteration 
assemblages and buoyant metal-rich hydrothermal fluids capable of forming a VMS deposit 
(Figure 5-3).  
Fluid flux focuses along small-scale joints, fractures, and large-scale fault zones created 
during magma emplacement or basin development and through permeable volcanic 
lithologies with primary porosity. The focused flow produces tight alteration zones with 
circular or elongate pipe-like structures. The position of massive sulfides deposits with 
respect to the alteration zones defines outflow zones where major and/or intersecting faults 
intersect the seafloor. In an ideal VMS model, the alteration and metal zonation in the 
footwall alteration structure (pipe) reflects the initiation and growth of the metasomatic 
system with increasing thermal energy. Initial low temperature fluids migrate ahead of the 
ascending hydrothermal plume up major faults systems in the basin reacting to form clays 
and zeolites. At depths less than 1km, the head of the hydrothermal plume begins to interact 
with more descending seawater to produce a zone of albitisation with chlorite and sericite 
(Figure 5-4). Albite-sericite-chlorite alteration of the host volcanics can be subtle with 
excellent textural preservation making distinguishing it from diagenetic alteration difficult. As 
the plume ascends the fluid temperatures increase and fluid: rock reactions produce strong 
sercitisation with chlorite-quartz-carbonate-pyrite assemblages and Zn-Pb-rich sulfides that 
locally overprint the early albite alteration. Increasing temperatures and interaction of the 
acidic hydrothermal fluid start to produce chlorite-rich alteration followed by maximum 
temperature silica alteration in the core of the system (Figure 5-4). The reactiveness of the 
Mg-Fe-rich volcanic compositions produce intense chloritisation with only minor quartz-
pyrite-sericite-carbonate assemblages. The siliceous core zone consists of quartz-pyrite 
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±sericite-chlorite assemblages. These zones represent the most intensely altered rocks in 
the centre of the footwall structure, where large fluxes of hot acidic solution have stripped 
most ions from the host while depositing secondary silica. Metasomatic reorganisation 
destroys primary texture completely leaving a massive core of silica with patchy alteration 
creating pseudo-brecciation of the early sericite-chlorite assemblage. Massive and stringer 
Cu-Pb-Zn-rich sulfide with associated carbonate and pyrite alteration stringers and zones 
form during the chlorite and silica metasomatic stages as the metal-rich solution vents to the 
seafloor or replaces carbonate-rich lithologies sub-seafloor. 
 
Figure 5-4. Schematic cross-section of idealised hydrothermal alteration and mineralisation zonation 
in volcanogenic massive sulfide deposits (modified from Gifkins et al, 2005) 
Many VMS deposits do not fit the ideal model of the fault-controlled, footwall alteration 
pipe, and are underlain by stratabound alteration zones. These zones have similar mineral 
assemblages, associated with permeable volcanic lithologies that possess primary porosity 
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(Sangster 1972, Sharpe 1999). The alteration zones typically form around sheet-like VMS 
deposits extending up to several 100 metres below the sulfide mass (Gifkins, Herrmann et 
al. 2005). The origin of some stratabound VMS deposits can result from the transposition of 
the pipe-related footwall alteration into parallelism with the sulfide ore during high-grade 
deformation obscuring their original relation (Sangster 1972). However, low-grade examples 
clearly reveal how the volcanic stratigraphy of the subaqueous basin distributes alteration 
facies laterally from the source away from the forming massive sulfide deposit. In most VMS 
systems, hangingwall alteration is typically less intense than footwall alteration (Gifkins, 
Herrmann et al. 2005). Sericite-carbonate-chlorite-quartz-albite alteration assemblages 
occurs several metres into the hangingwall of subsurface sulfide lenses and more 
extensively at the seafloor when the deposition of volcanic detritus is significant prior to the 
end of the hydrothermal outflow (Sharpe 1999, Gemmell and Fulton 2001). 
Magmatism is common in VMS settings and overprinting magmatic event can occur that 
modify established alteration facies (Gifkins, Herrmann et al. 2005). All magmas transfer 
heat that initiate contact alteration and metamorphic change in the host rock. Extensive 
static recrystallisation occurs at the interface and local dehydration and decarbonisation 
reactions generate small amounts of fluids. Substantial fluid volumes emanating from 
crystallising magmas and present in the host rock as pore fluid or trapped seawater circulate 
through defects created during magma emplacement (Taylor and Forester 1979). Fluids can 
infiltrate the recrystallising intrusions and the host rock with metasomatic reactions causing 
textural reorganisation and secondary mineral growth at the interface. Alteration halo around 
intrusions vary in thickness in accordance with the volume of magma (thermal energy), rock: 
fluid ratio, initial compositions, depth of emplacement, and crystallisation rates. Smaller 
volume rhyolite and dolerite dykes and sills typically crosscut the initial large volume 
synvolcanic intrusion and VMS systems. In addition to the Ca-Fe metasomatism describe 
above, silicification is a common alteration facies associated with later intrusions. Hot, silica-
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rich fluids cause remobilisation in the host rock with a loss of FeO-MgO-CaO-Zn and a net 
gain in silica with minor K2O –Na2O (Gifkins and Allen 2001, Gifkins, Herrmann et al. 2005). 
5.3.1 The Altered VMS Rockmass 
Metasomatic processes at a regional and local scale ensure that all rocks associated 
with VMS ore deposits have experienced some degree of hydrothermal alteration (Figure 5-3 
and Figure 5-4). Rockmass alteration intensity varies primarily in relation to the proximity of 
the outflow zone but later intrusion and the stacking of multiple hydrothermal events can 
disrupt existing hydrothermal assemblages creating irregularity zonation about the outflow. 
Geologists subjectively described the intensity of alteration using alteration qualifiers such as 
weak, moderate, strong and intense when assigning conventional lithological classifications, 
(i.e. strongly silica-altered siltstone or weak chlorite-altered volcanics) that relate the 
apparent abundance or percentage of the main alteration mineral(s) observed in the intact 
rock. Alteration qualifiers allow geologist to reconstruct the hydrothermal system and vector 
into VMS mineralisation hosted in the most intensely altered rockmass lithologies, but they 
provide only subjective and often misleading information on the strength of the altered intact 
rock and no information on the condition of the defect to assess the mechanical behaviour of 
the altered rockmass. At low alteration intensities, the strength of the altered intact rock may 
not differ greatly from the non-altered rock type and in the distal footwall alteration zones 
where fluid fluxes are low, intact rock alteration may only be minor as fluid flow is often 
restricted to open fractures. High fluid-fluxes in the core of the hydrothermal outflow 
associated with sulfide deposition facilitate pervasive mass-transfer and base-exchange 
fluid: rock reactions transforming the regionally altered rockmass into an intensely altered 
metasomatic core devoid of primary textures with monomineralic silica and chlorite alteration 
domains common (Figure 5-4). Within the metasomatic core, alteration is so intense and 
pervasive that conventional lithological descriptions and qualifiers become meaningless 
when used to predict the behaviour of the hydrothermally altered rockmass. As an example, 
intensely silicified siltstones are more likely to behaviour as an amorphous chert than a fine-
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grained sediment and a strongly sericite-altered granite may resemble a mass of fine clays 
surrounding quartz grains and not a crystalline quartz-feldspar rock. The cost of a 
comprehensive intact rock testing campaign designed to quantify mechanical strength 
across the alteration spectrum can be substantial and unless accompanied by petrological 
investigation the grade of alteration is ultimately subjective. 
An alternative approach is to relate the mechanical behaviour of the altered rockmass to 
the type and intensity of the alteration assemblage using industry standard rockmass 
characterisation and classification schemes; an approach employed in the Xantho case 
study outlined in this thesis. Assigning characterised geological rockmass domains alteration 
type and intensity ratings develops a site-specific correlation between rockmass behaviour 
and hydrothermal alteration. This approach quantifies the spectrum of qualitative alteration 
intensities in relation to rockmass behaviour and provides relative information to assess 
intact rock test requirements.  
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Chapter 6. Data Collection and Processing 
6.1 Introduction 
Hydrothermal VMS ore deposits are complex heterogeneous systems characterised by 
multiple overprinting processes with compositional, structural, and metasomatic origins. The 
altered rockmass is inherently anisotropic in nature with a range of material properties 
developed at different times in prior states of far-field stress. Three-dimensional evaluation of 
the character and behaviour of the rockmass is required to understand the geometry of the 
rockmass and the consequence of the local- and far-field stresses during mining. Deep, 
underground mines provide extensive access to altered rockmass and generate vast 
quantities of geotechnical and geology knowledge in the form of observations (core logging, 
mapping, inspections), in-situ measurements (stress field), laboratory testing (UCS, joint 
shear), and numerical modelling archived within company database systems. Consequently, 
within a mining operation, autonomous divisions manage the collection, processing, and 
analysis of different data types required for each rockmass function (e.g. economic resource 
or mechanical system). This form of management creates productivity efficiencies and 
repeatable outputs, but can also produce duplication between groups, may limit information 
crossover, and deconstructs the rockmass into quantitative and qualitative elements that 
dulls the appreciation. 
The aim of this thesis is to recreate the metasomatic rockmass from the geological and 
engineering databases to represent the natural character of the altered geology while 
retaining the numbers. MMG Limited (MMG), who own and operate the Gossan Hill and 
Scuddles VMS mines at Golden Grove in West Australian, provided access to the 
operational database of the Gossan Hill underground mine used in this thesis. Since the 
discovery of sulphide and magnetite, gossans at Gossan Hill in 1971 exploration and mining 
activities at the Golden Grove operation has produced over four decades of geological and 
engineering information. Open pit and underground mining began in 1990 at the Scuddles 
and Gossan Hill deposits illuminating the three-dimensional character of the VMS system 
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leading to the discovery of the deeper Catalpa, Xantho, Amity, Hougomont and Ethel ore 
bodies between 1999-2002. The Xantho case study designed to illustrate the consequence 
of hydrothermal alteration on rockmass behaviour focuses on the Xantho ore body using drill 
core photography and geological descriptions for statistical analysis. This chapter outlines 
the data sources, methods, and processing employed in the Xantho case study presented 
in Chapter 7. 
6.2 MMG Limited 
Mining company MMG Limited [MMG] agreed to provide logistical and operational 
support to the author to undertake research on the altered rockmass at the Gossan Hill mine 
in Western Australia (Figure 2-1). The Golden Grove project comprises two operating 
underground mines named Gossan Hill and Scuddles that are host economic zinc, copper, 
and lead mineralisation within a layered sequence of altered and metamorphosed sediments 
and volcanics (See Chapter 3; Figure 3-1). MMG provided transportation and 
accommodation logistics at the Golden Grove site, access to onsite operational staff, a 
geological and geotechnical database, and guided access to relevant underground mining 
areas. Additional data sources made available included in-house technical reports, 
memorandums, presentations, and commissioned consultancy reports. Within the Golden 
Grove Database (GGD), a excel spread-sheet of intact rock and in-situ stress tests provide 
information on strength and mechanical properties for a range of individual rock types and 
limited alteration types. Access to the original hard copies of the tests were not available for 
assessment; nevertheless, as the data is currently applied during geotechnical and 
engineering assessments at the mine the information was taken on face value and used in 
the current case studies as received. 
The GGD contains a range of data types that includes: 
• An electronic record of the drill hole database that contains information 
on the collar location, drill hole trace survey, geochemical assays, 
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lithology, and structural geology observations; not all f ields were recorded 
for all drill holes in this study 
• A Vulcan™ database containing CAD files depicting three-dimensional 
string/wireframes/volumes defining geological features at Gossan Hill 
Mine interpreted from the drill hole database 
• A photographic record of underground drill core held in the core library 
• Standard operating procedures (SOP) for geological data collection (e.g. 
geological core logging, and underground face mapping) 
Personnel communication with on-site geologists and engineers provided an invaluable 
source of current understanding not yet captured in the databases. Discussions relating to 
mining planning, recent rockmass instabilities, and unfamiliar geological conditions provided 
direction for the case study.  
6.3 Xantho Case Study 
The Xantho area covers a sequence of strongly metasomatosed sulfide-bearing 
volcanosedimentary units intruded by a high number of intrusions and intersected by multiple 
resource drill holes. This case study aimed to quantify how rockmass quality is influence by 
the type, intensity, and setting of hydrothermal alteration. The altered condition of intact rock 
and the frequency distribution of fractures mapped in drill core are characterised using the 
GSI scheme (i.e. isotropic and homogeneous behaviour is assumed), and the strength and 
behaviour of the rockmass analysed using the Hoek-Brown failure criteria (Hoek and Brown 
1980, Hoek and Brown 1997, Hoek, Carranza-Torres et al. 2002). Routine application of 
shotcrete to development walls and backs as part of the support system obscures much of 
the Xantho rockmass for observation and analysis. An aim of the Xantho study is to better 
utilise existing information sets and the lack of physical rockmass is supplemented by the 
use of photographic record of 36 underground resource drill holes that are logged and 
analysed for changes in fracture frequency, hydrothermal alteration, and geological setting 
(Figure 6-1 to Figure 6-3 ;Table 6-1). 
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Figure 6-1. Xantho drill core photograph showing examples of alteration characterisation (Chl = 
chlorite; Si = silica) and fracture frequency domains (Si 1 & Si 2) 
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Table 6-1. Collar and end of hole (EOH) information for drill holes included in the Xantho case study 
 
Collar ID East North RL (m) EOH (m)
G13/192 5288.38 19441.40 9266.43 186.4
G13/193 5288.37 19441.22 9266.43 162.6
G13/194 5288.34 19440.83 9266.53 163.6
G13/195 5288.28 19440.73 9266.47 160.1
G13/196 5288.11 19439.75 9266.63 200.4
G13/197 5288.76 19441.17 9266.39 165.6
G13/198 5288.37 19440.42 9266.29 239.0
G13/199 5288.36 19440.69 9266.23 161.8
G13/200 5288.65 19440.71 9266.22 168.4
G13/201 5288.13 19439.87 9266.35 230.3
G13/202 5288.40 19440.84 9265.00 161.1
G13/203 5289.20 19441.31 9266.13 165.6
G13/204 5288.44 19440.47 9265.94 161.8
G13/205 5288.50 19440.74 9266.00 191.3
G13/206 5288.61 19441.19 9265.87 165.8
G13/207 5288.57 19441.24 9265.54 175.5
G13/208 5288.61 19440.82 9265.77 180.8
G13/209 5288.51 19440.89 9265.65 255.0
G13/210 5288.52 19440.79 9265.65 164.4
G13/211 5288.50 19440.99 9265.85 266.6
G13/212 5288.58 19441.20 9265.42 176.1
G13/213 5288.53 19440.52 9265.47 182.4
G13/214 5288.57 19441.08 9265.50 296.4
G13/215 5288.54 19440.79 9265.81 275.6
G13/216 5288.31 19439.95 9265.97 74.9
G13/217 5288.32 19439.96 9265.90 195.5
G13/218 5288.59 19441.23 9265.36 191.1
G13/219 5288.63 19440.86 9265.34 296.1
G13/220 5288.52 19440.47 9265.45 293.5
G13/221 5288.62 19441.09 9265.43 209.6
G13/222 5288.36 19440.01 9265.57 203.5
G13/223 5288.92 19441.16 9265.58 259.8
G13/224 5288.60 19441.22 9265.29 293.2
G13/225 5288.66 19440.80 9265.57 284.3
G13/226 5288.70 19440.81 9265.60 224.6
G13/227 5288.48 19440.32 9265.60 214.0
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Figure 6-2. Xantho case study underground drill core distributions a) looking north, and b) behind 
the collar looking west with drill trace coloured by lithology 
6.4 Rockmass characterisation and drill core photographs 
6.4.1 Geotechnical Logging 
The quality of a rockmass is determined by the combined strength parameters of the 
intact rock blocks and the condition and frequency of joints and fractures (See Rockmass 
Characterisation and Classification). In three-dimensions, the spacing, orientation, and 
planarity of the fracture network define blocks whose size range relate to the frequency of 
fractures and their termination relations. Smaller blocks sizes result from more closely 
spaced discontinuities and from complex crosscutting relations that reduction rockmass 
quality and emphasis the role of discontinuity strength in rockmass stability. The number of 
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individual discontinuities contained within a defined length of core or ‘Fracture Frequency’ is 
given by Equation 6-1(Hudson and Harrison 2007): 
λ = NL m−1 
Equation 6-1 
Where, λ = fracture frequency; L = length of domain in metres; N = number of fractures. 
Geotechnical logging of the 36 drill core photographs focused on visually defining domains 
of changing fracture frequency along the drill core and the tallying of individual fractures 
within each domain to calculation fracture frequencies. A total of 1013 domains with variable 
fracture frequency were defined in this manner. Additional geological observations were 
collected regarding the setting associated with each fracture frequency domain that included: 
I. Type and intensity of hydrothermal alteration 
II. The character of intrusive contacts 
III. Occurrence of drill core disking 
6.4.2 Type and intensity of hydrothermal alteration 
The Golden Grove database lists five types of alteration assemblage: chlorite, silica, 
sericite, calcite, and talc. Of the five alteration assemblages, chlorite and silica are the major 
alteration minerals and appear ubiquitous across the deposit with the remaining three types 
occurring locally and/or associated with specific rock types. As an example, talc alteration is 
primarily associated with mafic rock types. Alteration types do not necessarily occur 
independently of each other, with multiple types often occurring together over short 
distances because of variable fluid fluxes, compositional chemical potential, and localised 
overprinting relations (See Hydrothermal Alteration in VMS Deposits). In the geological 
database, the intensity of the hydrothermal alteration is recorded in three classes, Strong, 
Moderate, or Weak. These classes are largely subjective descriptions based on the 
interpreted extent that the metasomatic reaction has progressed within the intact rock. 
During physical core logging, the geologist may use factors such as colour, a hardness 
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scratch test, and/or comparison to other altered domains to interpret the extant and intensity 
of an alteration type and assign a classification. 
As the Xantho case study utilises drill core photography with no physical access to the 
drill core, alteration type and intensity are determined visually. Since the two main alteration 
types, chlorite and silica, have distinct mineral colour this was used as the primarily basis of 
distinction (Figure 6-1). Chlorite mineral colouration ranged from dark to light green and 
silica alteration presents as white discolouration in drill core (Figure 6-1). Domains 
containing more than one alteration type were classed based on the proportional occurrence 
and interpreted intensity of each type (Figure 6-1). As an example, a domain containing 
predominantly silica alteration with minor chlorite alteration would be classed as ‘silica-
chlorite’ alteration; if the relative abundances were reversed in a domain it would be classed 
as ‘chlorite-silica’ alteration. If alteration type and intensity information are recorded in the 
Golden Grove database, it was used to calibrate observations. 
6.4.3 Geological Setting 
The geological setting was primarily characterised by the lithology recorded in the 
Golden Grove database (e.g. GG4, DOL). Observations characterising the local setting of 
the fracture frequency domains in the physical environment identified lithological and 
structural controls associated with the volcanosedimentary package and intrusive margins. 
6.4.4 Core Disking 
Disking in drill core is a frequent observation in the Xantho case study (Figure 6-5). The 
uniform spacing and shapes of the disks and the consistent strike orientation has been 
related to the orientation of a high magnitude stress state and failure during the loss of 
confining pressures (E.g.Jaeger and Cook 1963, Haimson and Lee 1995, Ohta 2001, Lim, 
Martin et al. 2006, Bunger 2010, Lim and Martin 2010). The early work by Jaeger & Cook 
(1963) revealed an inverse relationship between the magnitude of applied principal stress 
and the thickness of the resulting disk; hence higher in-situ stresses create thinner disks. 
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Based on visual estimates and relative comparisons between individual disking occurrences, 
intervals within the drill core that showed signs of core disking were classified into four 
domains based on the average disk thickness and the amount of overall disks formed and 
assigned numerical codes and colours for modelling in Vulcan 3D (Figure 6-5 & Table 6-2). 
Table 6-2. Core disking domain classification and nomenclature 
Drill core 
Domain 
Vulcan 
Domain 
Vulcan 
Colour 
Scheme 
Intense 4 Red 
Strong 3 Yellow 
Moderate 2 Green 
Minor 1 Blue 
Data collection using drill core photography provides no physical access to the drill core, 
the thickness, shape, and failure modes of individual disk are not assessed, and the 
distinction between the disking classes are relative and ultimately subjective. In addition, as 
the character of individual disks is affected by other factors such as lithology (competency) 
and drilling rates it must be acknowledged that some natural fractures may have been 
misinterpreted and counted as core disking and vice-versa. Regardless of their origin, all 
fractures were tallied to retain continuity in the fracture frequency data. Those domains 
classed ‘Intense’ or ‘Strong’ were excluded from the Xantho data used to calculate and 
analysis the altered rockmass. In all likelihood, these disking domains formed in very 
competent rockmass with few nature fractures that would not meet the mechanical 
assumptions of the GSI chart and represent an environment prone to core disking and 
rockbursts. Domains classified as ‘Moderate’ or ‘Minor’ commonly contain a majority of 
natural fractures with lesser disking and some fractures of uncertain origin (Figure 6-5) and 
are included in further rockmass calculations as the causative argument for a high stress 
fracture mechanism could not be exclusively made. 
Characterised disking domains were converted into numerical domains for simplified 
entry and representation in the three-dimensional mining software package Vulcan™ 
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(Table 6-2 & Figure 6-3). Domains where then displayed along the drill holes trace in 3D and 
correlated with geology wireframes for visual analysis (Figure 6-3). 
 
Figure 6-3. Vulcan 3D plan view showing colour-coded disking domains displayed on drill hole traces 
6.5 Rockmass Classification 
Classification schemes allow quantitative index values for the geological component of 
the rockmass to be calculated, providing essential inputs for numerical stability analysis. 
Among rockmass classification systems the Geological Strength Index (GSI) system is the 
best designed scheme for estimating rockmass strength and deformation parameters, while 
the RMR and Q systems are used primarily for rock support system analysis. The GSI 
approach considers the blockiness of the intact rock and the discontinuity surface conditions, 
looks to retain the geological character of the rockmass structure through observational 
based criteria, and provides a meaningful way to compare rockmass quality regardless of 
support considerations (Hoek and Marinos 2007). In addition, the GSI system is the only 
rockmass classification that is directly linked to engineering design parameters such as the 
Mohr–Coulomb or Hoek–Brown strength parameters, or the rockmass modulus (B.-H.Kim, 
L.Peterson et al. 2015). 
6.5.1 Geological Strength Index - GSI 
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The strength and deformation parameters for the Xantho rockmass are classified using 
the Geological Strength Index (GSI) (Hoek, Carter et al. 2013). The GSI scheme directly 
links the geological character of the Xantho rockmass to the Hoek–Brown strength criterion 
and the rockmass deformation modulus for numerical analysis (Hoek and Marinos 2007, B.-
H.Kim, L.Peterson et al. 2015). Approaches for quantifying the descriptive GSI elements for 
structure and surface condition look to reduce the subjective bias in qualitative description 
and provide robust numerical inputs for modelling (Cai, Kaiser et al. 2004, Hoek, Carter et al. 
2013). A review of the application and misuse of the GSI chart system by Hoek et al., (2013) 
proposed a quantification of the GSI chart on the basis of two well-established parameters; 
the Rock Quality Designation (RQD) (Deere 1963, Cording and Deere 1972) and Joint 
Condition - JCond89 (Bieniawski 1989) and this approach is used here. 
6.5.2 Rock Quality Designation & RQD* 
Rock Quality Designation is determined for the fracture frequency domains using the 
method outlined by Hudson and Harrison (pp 119- 121; 2007); a calculated RQD* is derived 
from the relation between fracture frequency (λ) and the negative exponential distribution of 
spacing values, constrained by a ‘threshold value’ (t) equal to 0.1m; (t = 0.1)  
𝐽𝐽𝑅𝑅𝑅𝑅∗ = 100(𝜆𝜆𝜆𝜆 + 1)e−λ𝑡𝑡 
Equation 6-2 
The Xantho discontinuity spacing distribution has a mean spacing value of 0.16 m and 
the approach by Hudson & Harrison (2007) with (t = 0.1) is justified (Figure 6-4 & 
Table 6-3). 
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Figure 6-4. Frequency distributions from discontinuity spacing in Xantho case study 
Table 6-3. Statistical values for discontinuity spacing in the Xantho case study 
Spacing Metres 
Mean 0.16 
SD ±0.11 
Max 1.70 
Min 0.01 
Mode 0.20 
6.5.3 Joint Condition - JCond89 
To calculate the Joint Condition six parameter need to be assessed and assigned 
values (Table 4-3); all values are then summed and a joint condition rating is determined 
(Bieniawski 1989). Five parameters ‘Separation’, ‘Roughness’, ‘Infill thickness’, ‘Infill type’, 
and ‘Weathering’ can be visually assessed using the drill core photographs. Information 
regarding the quality of these parameters within individual lithologies is relation to fracture 
frequency domains across the 36 drill cores. The random position of exposed joints in core 
photography allowed a compound assessment of the surface conditions providing robust 
ratings. The sixth parameter is the ‘Discontinuity Length (persistence) Rating’ and a rating is 
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impossible solely from drill core. A visual assessment of the persistence rating for the 
Xantho rockmass was conducted at a number of exposed rockmass in advancing 
development faces. Observations revealed a compositionally and structurally complex 
rockmass with the majority of discontinuities <1 m in length relating to a persistence rating of 
six (Table 4-3). 
In quantifying the GSI chart Hoek et al., (2013), applied separate scaling factors to retain 
the original GSI chart scales when using the RQD* and JCond89 values. To achieve this the 
‘Joint Condition’ ratings are multiplied by a coefficient of 1.5 and the RQD* value is halved; 
both scaled values are then summed to give the calculated GSI: 
GSI =  1.5JCond89 + RQD∗2  
Equation 6-3 
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Figure 6-5. Drill core photography showing examples of visual core disking classes used in the Xantho study 
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6.6 Rockmass Failure Criteria 
The strength and deformation parameters of the altered rockmass is analysed using the 
Generalised Hoek-Brown failure criterion (Hoek and Brown 1980, 1997). The Hoek-Brown 
(H-B) criterion is an empirical relation that estimates the strength of rock masses by 
incorporating factors that consider the characteristics of the discontinuity network and 
reduces the intact rock strength (UCS50): 
𝜎𝜎1
′ =  𝜎𝜎3′ + 𝜎𝜎𝑐𝑐𝑐𝑐  �𝑚𝑚𝑏𝑏 𝜎𝜎3′𝜎𝜎𝑐𝑐𝑐𝑐 + 𝑠𝑠�𝑎𝑎  
Equation 6-4 
This study will use the software program RocData™ which applies the generalized 
Hoek-Brown failure criterion to determine the rockmass strength and deformability from 
geological observations (GSI) and laboratory test data (Rocscience 2016). In RocData, the 
generalized Hoek-Brown strength parameters for a rockmass mb, s and a (see Rockmass 
failure criterion), and the rockmass Deformation Modulus Erm (see Modulus of Deformation) 
are determined on the following input data (Hoek, Carranza-Torres et al. 2002): 
• unconfined compressive strength of intact rock [sigci] 
• the intact rock parameter [mi] 
• the geological strength index [GSI] 
• the disturbance factor [D] 
• Intact Rock Modulus [Ei] 
 
Figure 6-6. Hoek-Brown Classification inputs and rockmass parameters in RocData 
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6.6.1 Unconfined Compressive Strength 
The intact uniaxial compressive strength is reported as UCS50 in the Golden Grove 
database, which is the measured intact rock strength scaled to a standardised 50mm 
diameter core sample calculated as (Equation 6-5): 
UCS50 = UCS
�
50d �0.18 
Equation 6-5 
Where UCS is the strength of the intact rock in MPa, d is the diameter of the intact rock 
sample in millimetres. 
Table 6-4. Mean values for intact rock testing at Golden Grove (showing significant figures as 
reported in the Golden Grove Database) 
 
6.6.2 Mi 
The mi parameter is an empirical constant that defines the slope of the best-fit stress-
strain curve for intact rock failure within a single rock type (Figure 4-7). The material constant 
is related to the frictional properties of the intact rock and relates the significance that the 
Density 
t/m3
UCS50 
MPa
σt 
MPa
Young's 
Modulus 
MPa
Poisson's 
Ratio Mi
Average/Value 3 107.71 15.44 75178.26 0.25
St. Dev. 0.34 54.05 5.46 16046.64 0.11
Average/Value 2.83 106.34 11.4 73400 0.23
St. Dev. 0.09 78.65 5.99 18042.8 0.08
Average/Value 2.85 131.42 11.75 80377.78 0.33
St. Dev. 0.06 37.58 2.44 18209.46 0.06
Average/Value 2.78 199.02 - 90500 0.19
St. Dev. 0.04 42.04 - 5980.8 0.09
Average/Value 2.77 65.92 10.26 83275 0.29
St. Dev. 0.03 33.61 1.99 7807.85 0.16
Average/Value 2.75 108.08 10.36 69455.56 0.25
St. Dev. 0.02 22.99 3.85 13040.33 0.06
Average/Value 2.81 146.96 18.13 78483.33 0.26
St. Dev. 0.1 43.45 4.84 15916.13 0.05
Average/Value 2.67 170.18 12.17 74340 0.25
St. Dev. 0.03 53.73 3.65 2160.56 0.03
Dacite (9) 10
Dolerite (12) 8
Rhyolite (5) 14
Sediments GG6 (9) 11
Silicified Sediments 
(3) 15
SC2-RHD (4) 6
Golden Grove Intact Rock Test Summary
Rock Type (# test samples)
Chloritic Sediments 
GG4 (25) 7
Sediments GG5 (9) 9
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mineral assemblages, grain size, and texture has on the strength characteristics of individual 
rock types (Tsiambaos and Sabatakakis 2004). Rock types are broadly defined (i.e. 
sandstones c.f. arenite or arkose) and there is a range of mi values for a single rock type 
due to textural and petrographic variability. The mi value is calculated empirically from 
laboratory intact rock tests by fitting a curve to the regression of tensile, uniaxial 
compressive and triaxial test (Figure 4-7). This level of information about individual test 
samples is not in the Golden Grove database. Alternatively, Griffith’s early work on crack 
propagation in glass (see Crack-Initiation and Stable Propagation) showed that the energy 
required for tensile crack (σt) propagation relates to peak material strength and the shape of 
the crack (Griffith 1921). The shape of the crack will relate to the petrographic character of 
the intact rock and therefore the ratio of UCS to σt (Equation 6-6). 
σt = −UCSmi  
Equation 6-6 
Hence, a mi value was obtained for nearly all the Gossan Hill rock types in the Xantho 
case study using the ratio of the mean compressive (UCS50) and tensile (σt) strengths 
(Equation 6-7 & Table 6-4): 
𝑚𝑚𝑐𝑐 = −𝑈𝑈𝐽𝐽𝐽𝐽50𝜎𝜎𝑡𝑡  
Equation 6-7 
It is noted that although the conversion to the size-scaled mean strength (UCS50) is 
applicable in modern analysis, it departs from the original linear relationship formulated by 
Griffith (1921). However, petrological variability and the non-favourable orientation of cracks 
in similar rock types results in a range of strength characteristics that do not always reflect a 
linear relation during loading. Therefore, while the use of the UCS50 value will underestimate 
the gradient (mi), it represent an average value within the rock type range. 
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6.6.2.1 Silica-altered Sediments 
No tensile strength results are reported in the Golden Grove database for the three 
silicified sediment samples tested (Table 6-4). Published tables of mi values calculated for a 
variety of rock types can be used to estimate ‘typical’ mi values when site specific testing is 
limited or non-existent (Hoek 1998, Marinos, Marinos et al. 2005). Tables are typically 
organised by rock group and show a clear trend of higher mi values for coarse-grained rocks 
and lower mi values for finer grained rocks (Table 6-4). Natural rock compositions are 
heterogeneous and textural anisotropic and test results are specific to the geological setting 
and not always appropriate for other environments. This is true for the silica-altered 
sediments at Golden Grove, whose composition and textures range between amorphous 
chert to recrystallised quartzites with vastly different mi values. 
An alternative approach to approximate the mi petrological character of the silica-altered 
sediments is to envision the alteration process as progressive and consider the range of 
alteration intensities as represented by approximate rock types. This would produce a range 
of mi values representing the changing character of progressively altered sediment from a 
weakly cemented sandstone or volcanoclastic siltstone to a siliceous quartzite or amorphous 
chert layer. RocData has a companion rock properties database program RocProp™, which 
contains over 900 searchable intact rock-testing records from worldwide sources 
(Rocscience 2015). The database contains 44 sandstone samples, six quartzites, and six 
chert samples that had recorded mi values. The mean and medium mi value for the three 
lithologies is 15 (Table 6-4). This is an appropriate mi value for the silicified sediments in the 
Xantho case study Gossan Hill as lithogeochemistry alteration studies at Golden Grove have 
shown that siliceous alteration largely results from the removal of mobile elements (Na, K, 
Ca) and the preferential increase of the more immobile elements such as silica (Stanley, 
Radford et al. 2002). These metasomatic reactions increases the silica content of the rock 
resulting in progressive textural reorganisation to form a more homogeneous and isotropic 
material (see Alteration Processes). With progressive silica-alteration sandstones become 
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annealed and cemented by amorphous silica and begin to behave as stronger and stiffer 
quartzites. Continuing textural destruction and reorganisation via silica dissolution- 
precipitation reactions eventually forms massive chert-like lithologies. The liberation of 
alkaline elements common in feldspar, phyllosilicate, clays, and silt during metasomatic 
reactions leaves a siliceous crystal framework infilled with precipitating secondary silica, 
processing increased stiffness. By using the mean value of mi = 15 the petrological variable 
present in variably altered sediments at Golden Grove can be better approximated. 
 
6.6.3 GSI 
The geological strength indexes for the seven rock types in the Xantho case study 
calculated using the rockmass characterisation (see Geotechnical Logging) and 
classification (see Geological Strength Index - GSI) procedures outlined above. 
An eighth ‘Edge’ rock type is created to represent intense silica-alteration associated 
with intrusion margins and sedimentary contacts in a finite element model (FEM; Figure 6-7). 
The Edge GSI rating for each rock type are the same as the corresponding silica-altered 
rockmass, while the strength and elastic properties used for failure behaviour represent a 
mean values from three silicified sediment tests in the Golden Grove database (Table 6-4 & 
Table 7-6). This approach captures the fracture frequency typical of a silica-altered 
rockmass with the elastic and strength properties of intensely silica-altered sediment. The 
rationale is that the silica alteration results in the removal of the mobile elements leaving 
behind only the silica framework (Stanley, Radford et al. 2002). This process is texturally 
destructive and as alteration intensity increases the sediment becomes increasingly massive 
and/or amorphous typical of the silicified sediments. This is accompanied by an increase in 
intact peak strength, elastic modulus (and stiffness), and shear modulus. 
6.6.4 Disturbance factor [D] 
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The Disturbance Factor D incorporates the effect of any blast damage to the rockmass 
when assessing the failure strength. The blast damage factor should only be applied to 
rockmass in the blast damage zone, which may be up to a few metres into the excavation 
walls and should not be applied to the entire rockmass (Hoek, Carranza-Torres et al. 2002, 
Hoek, Carter et al. 2013). An assessment of the Xantho drill core shows that the blast 
damage is minor and generally less than a metre into the wall. Fracture frequency domains 
with visible blast damage were excluded from the rockmass characterisation and 
classification dataset and the Disturbance Factor was set at D= 0, for all rockmass 
calculations to reflect the undisturbed nature of the in-situ rockmass. 
6.6.5 Intact Rock Deformation Modulus [Ei] 
In the Golden Grove database, the intact rock Young’s Modulus value is equivalent to 
the Deformation Modulus Ei required in RocData (Table 6-4). In RocData, the mean Ei value 
is used to derive the rockmass Deformation Modulus [Erm] for each lithological domain via 
the relation proposed by in 2006 by (Hoek and Diederichs 2006) (Equation 6-8): 
𝐸𝐸𝑟𝑟𝑟𝑟 = 𝐸𝐸𝐸𝐸 �0.02 +  1 − 𝑅𝑅 2⁄1 +  𝑒𝑒((60+20𝐷𝐷−𝐺𝐺𝐺𝐺𝐺𝐺) 12)⁄ � 
Equation 6-8 
6.7 Numerical Modelling 
The continuous finite element method (FEM) is a widely applied numerical analysis tool 
in rock mechanics due to flexibility in handling material heterogeneity, non-linearity, and 
boundary conditions (Jing 2003). The Xantho FEM model seeks to illustrate the mechanical 
behaviour of rockmass characterised by silica and chlorite alteration adjacent to an 
excavation (Figure 6-7). The FEM program RS2 (Rocscience 2015), is a companion program 
to RocData and will be used in this study. The Xantho model represents a scaled vertical 
section of the Xantho geology at 19440N (Figure 6-7a). Geological geometries are imported 
as string files from the Gossan Hill Vulcan™ 3D-model and digitised in RS2 (Figure 6-7b). 
The original geological boundaries are modified by the construction an ‘Edge’ domain of 
 130 
 
distinct geotechnical character that represents intense silica alteration associated with 
intrusive and stratigraphic contacts. The dimensions of the edge domains are derived from 
the mean interval length of fracture frequency associated with the margin in each material 
domain (Table 6-3). 
 
Figure 6-7. FEM model geology; a) slightly oblique view of the Xantho 19940N section modelled with 
Vulcan 3D wireframes showing geological boundaries and underground drilling in a 10m slice; b) RS2 at 
19940N looking north created from imported Vulcan wireframe and modified to include the edge domains 
6.7.1 Rockmass Properties 
Rockmass strength parameters from each geotechnical domains are required for 
numerical analysis. RocData 5.0 calculates material properties for each geotechnical domain 
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using the Generalised Hoek-Brown failure criterion and are directly imported into the 
companion RS2 program and assigned to closed polygons representing the Xantho Vulcan 
geology as individual ‘Materials’. 
6.7.2 Residual Values 
RS2 accommodates post-peak analysis relating to strain-softening behaviour in the 
rockmass. Strain softening describes the gradual loss of load-bearing capacity of the 
rockmass to a residual strength. Residual strength is generally only reached after 
considerable plastic deformation, often occurring near excavation walls where confinement 
is low (Cai, Kaiser et al. 2007). Cai and others (2007) proposed a method to estimate 
residual GSIr using block volumes and joint condition factors derived from the GSI system 
that showed GSIr as a function of GSI (Equation 6-9): 
𝐺𝐺𝐽𝐽𝐺𝐺𝑟𝑟 = 𝐺𝐺𝐽𝐽𝐺𝐺𝑒𝑒−0.134𝐺𝐺𝐺𝐺𝐺𝐺 
Equation 6-9 
Using this function, the GSIr for the Xantho rockmass domains are derived and their 
residual deformation moduli calculated (Table 7-6). Here the Xantho numerical analysis 
assumes that all rockmass domains behaviour in a brittle-plastic manner. This is not 
unreasonable as geotechnical logging shows that the Xantho rockmasses as moderately to 
strongly jointed allowing sliding and rotation to occur during deformation. 
6.7.3 Stress-Field 
Information regarding the far-field stress at Gossan Hill used for FEM analysis are 
reported in the Golden Grove database. The magnitude and direction of far-field principal 
stresses at Gossan Hill are calculated from 11 underground stress measurements taken with 
CSIRO Hollow Inclusion (Hi) stress measurement cells using over-coring and biaxial 
techniques (Figure 6-8 & Table 6-5). The database provides limited information on the exact 
site location for the stress tests and no information regarding the lithologies in which the 
tests were performed. Personal communication with the onsite geotechnical engineering at 
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Golden Grove suggest the test were performed in similar lithologies as those in the Xantho 
study area and they use here is appropriate albeit general. 
 
Figure 6-8. Stereograph projection of principle in-situ stresses at Gossan Hill  
Table 6-5. RS2 Calculated 3D in-situ stress state for Golden Grove at 1107m depth 
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Chapter 7. Xantho Case Study – Golden Grove 
7.1 Aim 
The Xantho case study seeks to quantify how rockmass quality is influence by the type 
and intensity of hydrothermal alteration through rockmass characterisation. The occurrence 
and intensity of alteration within a rockmass is an extensive property controlled by the 
availability and chemical potential of the ionic hydrothermal fluid to alter the mineralogy of 
the intact rock via discontinuity pathways such as faults, fractures, and joints. Once 
alteration has occurred, it becomes an intensive property imparting a behavioural constraint 
on the mechanical properties of the rockmass by changing the hardness of minerals 
controlling the strength of the intact rock and modifying the surface conditions of the 
discontinuity. The Xantho case study correlates fracture frequency and alteration type and 
intensity in underground drill core to quantify altered rockmass behaviour using the RQD 
index and GSI characterisation scheme. 
7.2 Data Collection 
Chapter 6 details the methods and approach adopted to produce fracture frequency and 
alteration domains from drill core and calculate RQD and GSI values in the Xantho case 
study; an overview of these procedures are outlined here for contextual clarity. 
The Xantho case study investigates a deformed sequence of volcanosedimentary 
lithologies host to the Gossan Hill mine. The Xantho area consists of a sequence of NNE-
striking steep to vertical, intensely altered volcanoclastic sandstones and siltstones that host 
the GG4 and GG6 massive sulfide mineralisation at a depth below surface of 1107m. 
Shotcrete ground-support obscures most of the rockmass exposed for development and the 
principal data source in this case study is the photographic records of 36 underground 
resource drill holes (Figure 6-3; Table 6-1). Photographs of individual drill core were 
geotechnically logged for changes in fracture frequency to define fracture frequency domains 
within lithological and hydrothermal alteration domains. Domain are characterised visually for 
hydrothermal alteration types, intensity, and geological setting, with stratigraphic and 
 134 
 
lithological information taken from core logging record in the Golden Grove database 
(Figure 6-1). This approach defined 1013 fracture frequency domains characterised by 
alteration type and intensity for analysis. The fracture frequency intervals (m) are non-
uniform, influenced by changing lithological, alteration, and stratigraphic domains 
boundaries. To account for this, the raw fracture frequency values (FF) are normalised (FFn) 
prior to analysis by the following equation: 
𝐹𝐹𝐹𝐹𝑛𝑛  =  𝐹𝐹𝐹𝐹 − 𝐹𝐹𝐹𝐹𝑟𝑟𝑐𝑐𝑛𝑛𝐹𝐹𝐹𝐹𝑀𝑀𝑎𝑎𝑥𝑥 − 𝐹𝐹𝐹𝐹𝑟𝑟𝑐𝑐𝑛𝑛 
Equation 7-1 
Logging revealed core disking to be a common occurrence throughout the 36 drill cores. 
Core disking refers to the formation of fractures to form discs of relatively uniform thickness 
orientated approximately normal to the axis of the core. Fracturing is in response to the 
tensile stress induced by boring when the minimum principal stress is nearly in the same 
direction as the core axis (Jaeger and Cook 1963, Sugawara, Kameoka et al. 1978, Kaga, 
Matsuki et al. 2003, Matsuki, Kaga et al. 2004, Kang, Ishiguro et al. 2006). The location of 
core disking domains at Xantho provide insights into the stress state and the influence of 
altered material properties. However, as core disking is a feature of competent highly 
stressed rock fracture frequency domains interpreted to be a result of core disking are not 
included in the rockmass characterisation. This reduced the fracture frequency domains for 
analysis to 863. 
7.3 Xantho Geology 
A detailed description of the regional geology, tectonic setting, and mineralised 
stratigraphy of the Gossan Hill mine is presented in Chapter 3. Therefore, in the interest of 
brevity, this section will only outline the local geology sampled by the 36-drill core for 
environmental context and clarity of discussion. 
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Figure 7-1. Semi-transparent long section of 3D Vulcan geology wireframe model looking west; 
location of Xantho case study area highlighted 
Situated at the Gossan Hill mine the Xantho area is host to two horizons of volcanogenic 
massive sulfide (VMS) mineralisation within the Golden Grove Formation (Figure 3-1 and 
Figure 7-1; (Clifford, MacMahon et al. 1990, Clifford 1992, Wang, Schiøtte et al. 1998, 
Sharpe 1999, Sharpe and Gemmell 2001, 2002). Massive and stringer sulfide mineralisation 
extends across three stratigraphic members of the Golden Grove Formation (GG4-GG5-
GG6) replacing permeably layers of tuffaceous-epiclastic sandstone-siltstone with massive 
sulfides in GG4 and GG6, which are connected by a stringer zone of sulfide veins traversing 
the massive tuffaceous GG5 sandstone (Sharpe 1999, Sharpe and Gemmell 2001, 2002). 
The lower GG4 is characterised by massive magnetite, pyrite, and Cu-rich sulfides 
enveloped by a stockwork of stringer sulfides and intense silica-chlorite alteration. The upper 
GG6 hosts massive Zn-rich sulfides and pyrite with an envelope of sulfide stringers and 
intense silica-chlorite alteration. Several intrusive groups in the form of domes, dykes, and 
sills of dacite, dolerite and rhyolitic composition, span the deposition of the Golden Grove 
Formation, represent thermal drivers for the metasomatic ore system (Sharpe 1999), and 
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intrude the volcanosedimentary sequence at Xantho (Figure 7-1). GG4 is composed of 
stratified, rhyolitic, thinly-(<2 mm) to thickly bedded (<1 m) quartz-rich siltstone to sandstone 
in its basal parts, and more thickly bedded (<5 m) sandstone to granule or pebble breccias 
rich in pumice lithics in its upper parts (Clifford 1992, Sharpe 1999). The GG5 member 
consists of massive pumiceous and shard-rich sandstone to granule breccia that varies in 
thickness from 10 to 50 metres thickness at Gossan Hill where it underlies the thickest 
deposit of Zn-rich sulfides and overlies the thickest deposit of Cu-rich massive sulfide 
(Sharpe, 1999; Clifford, 1992). The GG6 member consists of five distinct facies of, (1) mixed 
provenance litharenite facies, (2) tuffaceous volcaniclastic facies, (3) chert facies, (4) 
massive oxide facies, and (5) massive sulfide facies (Clifford, MacMahon et al. 1990, Clifford 
1992)(Clifford, 1992), that Sharpe (1999), interpreted to represents continuous background 
sedimentation in a volcanic basin. 
The 36 drill holes in the Xantho case study intersect an approximately 250m3 volume of 
the Golden Grove Formation extending from the Xantho decline centred at approximately 
1100m depth (Figure 6-2, Figure 7-1, and Figure 7-2). 
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Figure 7-2. Vulcan 3D model showing Xantho drill holes and modelled geology wireframes 
intersections in a) plan view at 9300RL, and b) section view looking north at 19440N 
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7.4 Fracture Frequency Domains 
The fracture frequency populations are characterised by a series of absolute frequency 
distribution graphs for the Xantho population and for the smaller lithologies, alteration types, 
and geological settings (Table 7-1; Figure 7-3 to Figure 7-9). All frequency distributions are 
classed at 0.5 intervals and a cumulative frequency percentage curve is shown for each 
population. 
 
Figure 7-3. Fracture frequency distributions for the Xantho case study 
The Xantho fracture frequency population shows a positive skewness with a mean and 
standard deviation of 7.2± 5.2 in a range of 0.8 – 46.9 (Figure 7-3 and Table 7-1). When 
reporting a population with a skewed distribution it is generally more appropriate to consider 
the median (50%) which is unaffected by large outlying values. The median Xantho fracture 
frequency value of 5.6 is slightly lower than the mean, and within one standard deviation. 
Pointedly, the skewed distribution reflects the normal spatial and temporal heterogeneity of 
geological processes expected to contribute to the fracture character of rockmass. In the 
context of mining, it is more important to consider the range of possible behaviours that a 
rockmass may display and the values of the mean and standard deviation is preferred over 
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the single median value when quantify rockmass character in an engineering analysis. In 
general, all frequency distribution graphs for the different characteristics show a similar 
shape with the majority of data representing small fracture frequencies in good rockmass 
(Figure 7-3 to Figure 7-9). 
7.4.1.1 Fracture frequency by alteration type 
The range of alteration assemblages assigned to fracture frequency domains has been 
simplified to reflect the most dominate mineral facies observed in the Xantho drill core: silica 
and chlorite. Within the 863 domains of the Xantho case study, 349 (40%) are dominated by 
chlorite alteration and 514 (60%) are dominated by silica alteration. Analysing the silica and 
chlorite altered fracture frequency domains data by lithology reduces variability introduced by 
the reactiveness of different mineralogical and textural rock types to alteration. It also aids to 
highlight difference within the sedimentary domains GG4, GG5, and GG6 and within the 
SC2RHD, DAC, DLT, and RHY igneous domains and correlate fracture development to 
material properties. 
The Xantho data for silica and chlorite alteration is presented in Figure 7-4a and 
Table 7-1. The population profile for both alteration types appear relatively similar with little 
difference in the 50% and 75% fracture frequency values indicating the majority of the data 
represents small fracture frequencies. The long population tails represent single values of 
high fracture frequency. Statistically, the silica altered data has a wide range with a 90% 
value of 15.0, a range of 0.8 - 46.9 and a mean and standard deviation 7.7 ±5.7 while the 
chlorite altered data has a 90% value of 12.5, a range of 0.0 - 29.4, and a mean and 
standard deviation 6.4 ±4.3. The GG4 data for silica and chlorite alteration is presented in 
Figure 7-4b & Table 7-1. Both the silica and chlorite profile traces are similar with identical 
50% values and comparable 75% and 90% fracture frequency values. The majority of both 
populations represent small fracture frequencies with the tails representing single higher 
values. The silica-altered data has a slightly higher mean and standard deviation and a 
greater range than the chlorite data. The GG5 data for silica and chlorite alteration is 
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presented in Figure 7-5a and Table 7-1. The population profiles for the silica and chlorite 
fracture frequency data are distinct. The chlorite population contain a greater concentration 
of small fracture frequency values reflected in the lower median value compared to the silica 
population that has a broader spread of lower values; both populations have tails that consist 
of single high values. The range, mean, and standard deviation of both data sets are similar 
but the silica-altered data has consistently higher values than the chlorite data. The GG6 
data for silica and chlorite alteration is presented in Figure 7-5b and Table 7-1. The 
population profile for the silica and chlorite fracture frequency data are comparable, with the 
majority of data representing small fracture frequencies with long tails that consist of single 
high values. The range, mean, and standard deviation of the silica altered data has 
consistently higher values than the chlorite data illustrated by their median values of 6.8 for 
silica and 5.6 for chlorite. The SC2RHD data for silica and chlorite alteration is presented in 
Figure 7-6a and Table 7-1. The population profile for the silica and chlorite fracture 
frequency data are distinct and primarily reflect the large difference in sample numbers for 
each population. The profile for the chlorite data reflects a small population and standard 
deviation representing a tight range of low fracture frequencies. The silica profile shows a 
broad range of smaller values and a tail consisting of single high values. The range, mean 
and standard deviation of the silica-altered data has consistently higher values than the 
chlorite data. The DAC data for silica and chlorite alteration is presented in Figure 7-6b and 
Table 7-1. The population profile for the silica and chlorite fracture frequency data are 
comparable in shape with near-identical median values representing small fracture 
frequencies with the difference in absolute frequencies reflecting differential sample numbers 
for each population. Both altered populations show long tails consisting of high values but 
the silica population has greater frequency in this range. The values for the range, mean, 
and standard deviation are overall higher in the silica-altered data than the chlorite-altered 
data. The DLT data for silica and chlorite alteration is presented in Figure 7-7a and 
Table 7-1. The population profile for the silica and chlorite fracture frequency data have 
nearly identical ranges but distinct shapes reflecting a difference in absolute frequencies for 
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each population. The chlorite population represents a greater concentration of small fracture 
frequency values reflected by a lower median value than the silica population, which has a 
broader spread of overall values. The chlorite data has a broad spread of higher values 
comprising the tail compared to the silica altered data that has a few single outliers 
extending the range. In comparison, the range, mean, and standard deviation of the silica-
altered data are consistently higher than the chlorite data. The RHY lithological domain is 
strong to intensely siliceous and does do not show any signs of chlorite alteration; silica 
alteration is presented in Figure 7-7b and Table 7-1. The population profile for the silica 
alteration comprises a broad range of small to medium fracture frequencies reflected by a 
standard deviation greater than the mean value. 
In summary, the fracture frequency data for the silica and chlorite altered rockmass 
reflects a distinction in the strength and elastic moduli for each alteration type. 
7.4.1.2 Fracture frequency by setting 
A feature of the Xantho area is the density of igneous bodies intruding the sedimentary 
package (Figure 3-1 and Figure 7-2). Competency contrasts between discordant crystalline 
intrusions and stratified to massive volcanoclastic sediments can perturb local stress fields 
and focus strain along mutual boundaries. Material strength properties for the altered 
lithologies will govern mechanical behaviour and influence local stress redistribution, 
influencing the development and frequency of fractures. In an attempt to characterise and 
quantify the mechanical influence of the physical environment, fracture frequency domains 
are describe by their geological location in relative to lithologies contacts especially to 
igneous margins. 
The fracture frequency data for the geological setting in sedimentary and igneous 
domains are presented in Figure 7-8. The absolute frequency distribution for fracture 
frequency domains in the sedimentary domains are further classified divided into ‘Intrusion-
related’ and ‘Sediment Only’ data sets (Figure 7-8a). These sub-classifications reflect if the 
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fracture frequency domains within the sediments were at the contact of an intrusion 
(Intrusion-related) or not (Sediment only). The population profile for the sediment only and 
intrusion-related fracture frequency data have similar ranges with distinct shapes largely 
reflecting the difference in sample numbers for each population in their absolute frequencies. 
The sediment only data has a positive skew with the median value (4.2) less than the mean 
(5.5), representing a greater frequency of small fracture frequency values and a tail 
consisting of lower frequency higher values. The intrusion-related data shows a variable 
profile and similar median (7.4) and mean (7.9) values, which are both greater than the 
sediment only data (Figure 7-8b).Figure 7-9 The absolute frequency distribution for fracture 
frequency domains in the igneous domains are divided into ‘Centre’ and ‘Margin’ data sets. 
These sub-classifications simply reflect if the fracture frequency domains within the igneous 
intrusion were at the margin of the intrusion (Margin) or within the body of the intrusion 
(Centre). The population profile for both data sets show a positive skew with the median 
values less than the means, representing a greater frequency of small fracture frequency 
values and a tail consisting of low frequency higher values. The centre data set has a 
greater range but lower mean, median, 75%, and 90% values than the margin data set. The 
centre population reflects a majority of low fracture frequencies and a few higher values 
distorting the standard deviation to approximately 70% of the mean value. The margin data 
has a more restricted range of fracture frequency values but the population has a greater 
spread of low to medium fracture frequency values and a few isolated high values producing 
a standard deviation that is approximately 90% of the mean value. 
The alteration and setting fracture frequency populations in the sediment domains are 
characterised further by looking at the setting associated with alteration type (Figure 7-9). In 
Figure 7-9a, silica-altered domains show different frequency distributions in intrusions and 
sediment settings. The majority of fracture domains occur within the sediment setting with a 
median value of 4.6 and mean of 6.0 defining a broad range of moderate to high fracture 
frequencies. The intrusion population contains only 35 samples and do not form a normal 
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distribution. The median fracture frequency is 7.3 within a broad range of moderate values 
with higher isolated values extending the range. Figure 7-9b, shows the sediment and 
intrusion settings of the chlorite-altered domains. The majority of chlorite-altered fracture 
frequency domains are in the sediment setting which have a median of 3.7 and a mean of 
4.9 reflecting the general character of the fractured Xantho rockmass. The intrusion setting is 
the minor population with low absolute frequencies but a similar fracture frequency median 
7.5 and mean 7.7 implies a normal distribution and suggests an ordered mechanism for 
fracture development. 
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Table 7-1. Fracture frequency domains from Xantho core logging; see text for details 
 
 
N Range Mean ±σ 50% 75% 90% N Range Mean ±σ 50% 75% 90%
Xantho 863 349 0.0 - 29.4 6.4 4.3 5.2 8.3 12.5 514 0.8 - 46.9 7.7 5.7 5.9 9.8 15.0 Altered populations of  60% silica, 40% chlorite reflect geological chararacter of sediments and intrusions 7.4a
GG4 208 104 1.9 - 21.0 7.9 4.1 6.9 10.0 13.3 104 2.4 - 29.1 8.6 5.1 6.9 11.0 14.5 Equal ratio of silica: chlorite domains with similar distributions 7.4b
GG5 65 32 0.2 - 13.7 4.1 3.1 2.8 5.0 8.5 33 1.7 - 12.5 4.8 3.0 4.2 6.0 9.0 Massive sandstone sequence chloritic at base becoming more siliceous towards top 7.5a
GG6 101 52 3.8 - 16.2 6.9 3.0 5.6 8.0 12.5 49 3.2 - 20.4 8.1 3.9 6.8 9.5 15 Layered hozions of chlorite-silica-sulfide 7.5b
SC2RHD 77 13 0.5 - 5.0 2.6 1.2 2.6 2.25 4.5 64 0.0 - 14.3 4.2 3.4 3.2 5.25 9.5 Massive felsic  lava with minor internal variation 7.6a
DAC 194 46 0.0 - 27.8 5.8 6.4 4.0 7.25 14 148 0.2 - 34.5 6.4 6.2 4.1 8.25 15.5 Intensity of chlorite and silica alteration associated with setting 7.6b
DLT 118 97 0.0 - 20.7 5.4 3.7 4.2 7.0 10.5 21 1.4 - 20.6 7.3 4.7 6.6 10.25 13.5 Massive with strong chlorite alteration overprinted by fracture controlled silica-alteration 7.7a
RHY 100 0 - - - - - - 100 3.0 - 44.4 6.9 7.4 4.4 10 14 Massive, thin <5m wide felsic dykes with associated silica-altered margins; intrudes late mainly along contacts 7.7b
Fracture Frequency Domains
Graph FigureCommentN
Chlorite Alteration Silica Alteration
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Figure 7-4. Fracture frequency distribution characterised by alteration for the a) Xantho and b) GG4 
populations 
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Figure 7-5. Fracture frequency distribution characterised by alteration for the a) GG5 and b) GG6 
populations 
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Figure 7-6. Fracture frequency distribution characterised by alteration for the a) SC2RHD and b) DAC 
populations 
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Figure 7-7. Fracture frequency distribution characterised by alteration for the a) DLT and b) RHY 
populations 
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Figure 7-8. Fracture frequency data by setting a) sediment and b) igneous; see text for details 
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Figure 7-9. Fracture frequency data by alteration and setting in sediments; see text for details 
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7.5 Calculated rock quality designation (RQD*) 
RQD is a simple and objective system that characterise the quality of the rockmass from 
the structure of  diamond drill core (see Rock Quality Designation (RQD)). RQD is a core 
recovery index based on the percentage ratio of recovered core over 100 mm to total length 
(Figure 4-11). The RQD value is biased by the orientation of the borehole with respect to the 
plane of the defects; best representing the spacing of planes normal to the drill direction and 
under-sampling planes sub-parallel or acute to the drill direction. Therefore, RQD represents 
a proxy for the quality of the rockmass and is often reported simply using the qualitative 
descriptor for the class ranges (Table 7-2). 
Table 7-2. RQD ratings; modified from Deere & Deere, 1988 
Relation of RQD and in-situ Rock Quality 
RQD % Rock Quality 
90- 100 Excellent 
75- 90 Good 
50- 75 Fair 
25- 50 Poor 
0- 25 Very Poor 
In the Xantho case study, the structural character of the fracture frequency domains are 
converted into a rockmass index by means of a calculated Rock Quality Designation* 
(RQD*) using the method outlined by Hudson and Harrison (pp 119- 121; 2007). The 
calculated RQD* derives the structural character of the fracture frequencies from the relation 
between fracture frequency (λ) and the negative exponential distribution of spacing 
population values, constrained by a ‘threshold value’ (t) equal to 0.1m (t = 0.1), Equation 7-2: 
𝐽𝐽𝑅𝑅𝑅𝑅∗ = 100(𝜆𝜆𝜆𝜆 + 1)e−λ𝑡𝑡 
Equation 7-2 
The Xantho population has a mean fracture frequency spacing of 0.16m (Figure 6-4 and 
Table 6-3). 
The Xantho and lithology RQD* populations classified by alteration type are presented in 
Figure 7-10 to Figure 7-13 with statistical values presented in Table 7-3. Both alteration 
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types show a broad spread of RQD* values with the majority of values >80 (Good) 
consistent with the ranges and distribution of fracture frequencies (Figure 7-10 and 
Table 7-2). 
The Xantho RQD* populations for silica and chlorite alteration is presented in 
Figure 7-10a and Table 7-3. The population profiles for both alteration types appear similar 
with the silica-altered population having a slightly broader range extending to very low values 
compared with the chlorite-altered population. Near identical statistical values indicate the 
majority of samples represented high RQD* values with low value tails populated by small 
numbers of low RQD*values. Both populations show evidence for a bi-modal distribution with 
high absolute frequencies around RQD* ≈ 75 (Good) and RQD* ≈ 90 (Excellent). The GG4 
RQD* populations for silica and chlorite alteration is presented in Figure 7-10b and 
Table 7-3. The silica and chlorite population profiles are similar in shape but have distinct 
statistical ranges and values. The chlorite-altered population has a wider range with lower 
minimum and maximum values than the silica-altered population. The lower values in the 
chlorite population are reflected in the lower mean of 69 (Fair) and median of 71(Fair) 
compared with the silica-altered mean of 83 (Good) and median of 86 (Good). The GG5 
populations for silica and chlorite alteration are presented in Figure 7-12a and Table 7-3. 
The population profiles for the silica and chlorite RQD* populations are distinct in range and 
shape. The chlorite population contain a tighter range and greater frequency of high RQD* 
values reflected by the higher mean and smaller standard deviation (87 ±10 - Good) 
compared to the silica-altered population (78 ±19 - Fair-Good). The median chlorite-altered 
RQD* value is 92 (Excellent) compared to 85 (Good) to the silica-altered population. The 
silica-altered population has a longer tail of low RQD* values consisting of single frequency 
occurrences less than 75 (Good-Very Poor). The GG6 populations for silica and chlorite 
alteration are presented in Figure 7-11b and Table 7-3. The population profiles for the silica 
and chlorite alteration are comparable, with the majority of data representing high RQD* 
values with tails which consist of single frequency occurrences less than 75 (Good-Very 
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Poor). The chlorite-altered population has a slightly tighter range consisting of higher values 
than the silica-altered population. However, the chlorite-altered mean (84 - Good) and 
median (88 - Good) values are comparable to the silica-altered population mean (80 - Good) 
and median (85 - Good) values. The SC2RHD populations for silica and chlorite alteration 
are presented in Figure 7-12a and Table 7-3. The profile traces for the silica and chlorite 
populations are distinct and primarily reflect the large difference in sample numbers for each 
population. The chlorite-altered population consists of RQD* values >86 (Good-Excellent) 
with a tight spread reflected by the mean and standard deviation (93 ±3 - Excellent). The 
silica-altered population has a greater spread with a median value of 92 (Excellent) and a tail 
of lower RQD* values reflected in the lower mean and standard deviation (88 ±11 - Good-
Excellent). The DAC populations for silica and chlorite alteration is presented in Figure 7-12b 
and Table 7-3. The population profile for the silica and chlorite alteration are comparable in 
shape, with similar ranges and identical median values of 87 (Good) despite the difference in 
population numbers reflected in the absolute frequencies. While the ranges of both 
populations are similar, the silica-altered population has a slightly longer tail consisting of 
higher frequency lower values than the chlorite-altered population. The DLT populations for 
silica and chlorite alteration is presented in Figure 7-13a and Table 7-3. The population 
profiles for the silica and chlorite alteration have very similar ranges but distinct shapes 
reflecting a large difference in sample numbers and absolute frequencies. The chlorite 
population has a higher mean (87 ±12 - Fair-Excellent) and median (91 - Excellent) RQD* 
values compared to the silica-altered mean (81 ±16 - Fair-Good) and median (84 - Good) 
values. The silica-altered population consists predominantly of single frequency values 
reflecting the small population. The RHY population for silica alteration is presented in 
Figure 7-13b and Table 7-3. The population profile for the silica alteration comprises a very 
broad spread covering nearly the entire RQD* range reflected in the large mean and 
standard deviation values of 75 ±20 (Fair-Excellent). The majority of RQD* values are high 
with the median value 83 (Good) and a long tail consisting of single frequency low value. 
 154 
 
Table 7-3. RQD* domains statistics from fracture frequency domains by alteration; see text for details 
Rock Quality Designation* (RQD*) Domains 
Graph N 
Chlorite Alteration Silica Alteration 
Figure 
N Range Mean ±σ 50% 75% 90% N Range Mean ±σ 50% 75% 90% 
Xantho 863 349 20 - 100 80 14 84 93 96 514 5 - 99 80 16 86 91 95 7.10a 
GG4 208 104 47 - 78 69 7 71 74 76 104 54 - 92 83 8 86 89 91 7.10b 
GG5 65 32 54 - 98 87 10 92 94 96 33 23 - 99 78 19 85 91 97 7.11a 
GG6 101 52 51 - 94 84 10 88 91 93 49 39 - 95 80 13 85 89 91 7.11b 
SC2RHD 77 13 86 - 98 93 3 93 96 97 64 53 - 99 88 11 92 95 97 7.12a 
DAC 194 46 20 - 98 81 20 87 95 97 148 12 - 97 79 19 87 93 95 7.12b 
DLT 118 97 37 - 100 87 12 91 96 98 21 37 - 98 81 16 84 93 95 7.13a 
RHY 100 0 - - - - - - 100 5 - 96 75 20 83 90 94 7.13b 
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Figure 7-10. RQD* frequency distribution for the a) Xantho and b) GG4 populations 
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Figure 7-11. RQD* frequency distribution for the a) GG5 and b) GG6 populations 
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Figure 7-12. RQD* frequency distribution for the a) SC2RHD and b) DAC populations 
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Figure 7-13. RQD* frequency distribution for the a) DLT and b) RHY populations 
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7.6 Rockmass Characterisation 
7.6.1 Quantified Geological Strength Index 
The Xantho fracture frequency population was classified into the Geological Strength 
Index (GSI) using the method and equation outlined in Hoek et al., (2013) employing the 
commonly used RQD (Deere 1963, Cording and Deere 1972) and Joint Condition 
(Bieniawski 1989) parameters.  
In quantifying the GSI chart Hoek et al., (2013), applied separate scaling factors to retain 
the original GSI chart scale when using the RQD, or in this case RQD*, and Joint Condition 
values (Figure 7-14). RQD* is divided by two while the ‘Joint Condition’ rating is multiplied by 
a coefficient of 1.5; the scaled values are then summed to give the calculated GSI 
(Equation 7-3): 
𝐺𝐺𝐽𝐽𝐺𝐺 =  1.5𝐽𝐽𝐽𝐽𝑙𝑙𝐽𝐽𝐽𝐽89 + 𝐽𝐽𝑅𝑅𝑅𝑅∗2  
Equation 7-3 
The quality of the rockmass depends on the dimensions of the intact block and the 
condition of the joint surface, parameters that may differ independently. RQD* reflects the 
structural geometry of the rockmass during deformation while the joint condition reflects the 
effected by metasomatic fluids and deformation on surface character. The JCond89 ‘Joint 
Condition’ rating corresponds well with the surface conditions outlined in the text boxes of 
the GSI chart employing similar descriptive terms for surface condition (Figure 7-14).  
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Figure 7-14. GSI chart quantified using RQD and Joint Condition89 (Hoek et al., 2013) 
To calculate the JCond89 rating six parameters need to be assessed and assigned 
values (Figure 7-15); all values are then summed and a joint condition rating is determined 
(Bieniawski 1989). Five parameters ‘Separation’, ‘Roughness’, ‘Infill thickness’, ‘Infill type’, 
and ‘Weathering’ can be visually assessed using the drill core photographs (see Rock Mass 
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Rating (RMR)). The sixth parameter is the ‘Discontinuity Length (persistence) Rating’ and its 
value cannot be assessed from drill core; observations underground in the Xantho area 
confirmed all joints to be <1m in length. Joint condition parameters are developed from drill 
core observations and values used to calculate GSI ratings are presented in Table 7-4.  
 
Figure 7-15. CHART E Guidelines of classification of discontinuity conditions in Bieniawski 1989 
While constructing the quantified GSI chart Hoek et al., (2013) defined a range of 
conditions that the chart should meet to sufficiently honour the original charts function. 
Essentially, the new scale should not limit the charts use for visual characterisation and the 
assumed homogeneous and isotropic character of the rockmass retained to reflect block 
sliding and rotation on intersecting discontinuities as required by the Hoek-Brown criterion 
(see Hoek-Brown Failure Criterion). These requirements exclude the application of the 
quantified GSI chart in massive sparsely jointed rocks, strongly sheared rocks, and limit the 
application to non-massive rockmass where joint density is at a level to be considered 
homogeneous (Figure 4-13). These conditions are reflected in the quantified GSI chart that 
removes the lower laminated structural group and limits the GSI range to <75 below that 
considered for brittle failures such as rockbursts and spalling (c.f. Figure 4-12 and 
Figure 4-15). 
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Although the charts application is restricted to <75 GSI rockmass Hoek et al., (2013) 
showed that their scale-conversion equation retain a 1:1 relation with the original GSI chart 
above 75. Several mean GSI values for the Xantho populations in are >75 and would not 
feature on the quantified GSI chart (Table 7-5). An aim of the Xantho case study is to identify 
the existence and extent of any distinct mechanical behaviour in silica- and chlorite-altered 
rockmass. In this instance, the quantified GSI chart is restrictive and although rockmass 
assumptions are strictly violated, the relationship between calculated values for silica and 
chlorite alteration are better displayed on the Generalised GSI chart for clarity and resolution 
(Marinos, Marinos et al. 2007) (Figure 7-20).
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Table 7-4. Surface conditions from core logging used to calculate GSI values; see text for details 
 
Infill 
Type
Ave. Infill 
Thickness Planarity
Surface 
Roughness Persistence Separation Roughness Infilling Weathering
JCond89 
Rating
GG4 Sandstone 1 Chlorite Chl 1 Undulating Smooth 6 4 1 2 6 19 29
GG4 Sandstone 2 Silica KL - Undulating Rough 6 6 5 6 6 29 44
GG5 Sandstone 1 Chlorite Chl - Planar Polished 6 6 0 2 6 20 30
GG5 Sandstone 2 Silica Si 1 Undulating Slightly Rough 6 4 3 4 6 23 35
GG6 Sandstone 1 Chlorite Chl 1 Planar Smooth 6 4 1 2 6 19 29
GG6 Siltstone 2 Silica KL - Stepped Rough 6 6 5 6 6 29 44
SC2-RHD 1 Chlorite Chl 1 Planar Smooth 6 4 0 4 6 20 30
SC2-RHD 2 Silica KL - Undulating Slightly Rough 6 6 3 6 6 27 41
Dacite 1 Silica Si 2 Undulating Slightly Rough 6 1 3 2 6 18 27
Dacite 2 Chlorite Chl 1 Planar Smooth 6 4 1 4 6 21 32
Dolerite 1 Chlorite Chl 2 Planar Slickenside 6 1 0 2 6 15 23
Dolerite 2 Silica Chl 2 Undulating Smooth 6 1 1 2 6 16 24
Rhyolite 1 Silica Si 1 Planar Slightly Rough 6 4 3 4 6 23 35
19 29
24 35
1.5 x 
JCond89
Xantho Average
Unit Fracture Alteration
Fracture Conditions Chart E Guidelines for Classification for Discontinuity Condition
Chlorite
Silica
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The Xantho GSI populations for silica and chlorite alteration are presented in 
Figure 7-16and Table 7-5. The population profiles are distinct, showing a marked difference 
in the frequency distribution of the chlorite and silica alteration populations. The silica 
alteration has a single skewed distribution across a range of 37 - 91 and a mean and median 
of 77 ±8 and 80 GSI respectively. The chlorite alteration has a bi-modal distribution at 71 
and 65 across a range of 37 - 79 and a mean and median of 67 ±7 and 69 GSI respectively. 
The GG4 GSI populations for silica and chlorite alteration are presented in Figure 7-16b and 
Table 7-5. Both populations have a single skewed frequency distribution but each covers a 
different range of GSI values. The chlorite-altered data has a small GSI range of 52 - 67 and 
a mean and median of 63 ±4 and 64 GSI respectively. The silica-altered data has a small 
GSI range of 70 - 89 and a mean and median of 85 ±4 and 86 GSI respectively. The GG5 
GSI populations for silica and chlorite alteration are presented in Figure 7-17a and 
Table 7-5. The population profiles for the silica and chlorite populations are similar and 
overlapping with only small difference in their mean and median values, but distinct 
differences in their range and spread. The chlorite-altered population has a range of 57 - 79 
and a mean and median of 74 ±5 and 76 GSI respectively. The silica-altered data has a GSI 
range of 46 - 84 and a mean and median of 74 ±10 and 77 GSI respectively. The GG6 GSI 
populations for silica and chlorite alteration are presented in Figure 7-17b and Table 7-5. 
Both alteration populations have a single skewed frequency distribution but each covers a 
distinct range of GSI values. The chlorite-altered data has a GSI range of 52 - 75 and a 
mean and median of 70 ±5 and 73 GSI respectively. The silica-altered data has a GSI range 
of 63 - 91 and a mean and median of 83 ±7 and 86 GSI respectively. The SC2RHD GSI 
populations for silica and chlorite alteration are presented in a and Table 7-5. The silica-
altered population has a single skewed frequency distribution and the chlorite has a single 
normal distribution primarily reflecting a large disparity in sample numbers. The chlorite-
altered data has a GSI range of 73 - 79 and a mean and median of 77 ±2 and 77 GSI 
respectively. The silica-altered data has a GSI range of 67 - 90 and a mean and median of 
84 ±6 and 86 GSI respectively. The DAC GSI populations for silica and chlorite alteration are 
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presented in Figure 7-18b and Table 7-5. The population profiles for the silica and chlorite 
populations are similar and overlapping with only small difference in their range and minor 
difference in their mean and median values. The chlorite-altered population has a range of 
37 - 76 and a mean and median of 67 ±10 and 70 GSI respectively. The silica-altered data 
has a GSI range of 37 - 80 and a mean and median of 71 ±9 and 75 GSI respectively. The 
DLT GSI populations for silica and chlorite alteration are presented in Figure 7-19a and 
Table 7-5. The chlorite-altered population has a single skewed frequency distribution while 
the silica population has insufficient data to form a distinct distribution reflecting a large 
disparity in population numbers. The chlorite-altered data has a GSI range of 73 - 79 and a 
mean and median of 77 ±2 and 77 GSI respectively. The silica-altered data has a GSI range 
of 67 - 90 and a mean and median of 84 ±6 and 86 GSI respectively. The RHY GSI 
population for silica alteration is presented in Figure 7-19b and Table 7-5. The silica-altered 
population has a single skewed frequency distribution covering the range 37 - 83 with a 
mean and median of 72 ±10 and 76 GSI respectively. 
All GSI populations for all Xantho rockmass alteration domains are presented in 
Figure 7-20. 
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Table 7-5. Calculated GSI statistics 
Geological Strength Index Domains 
Graph N 
Chlorite Alteration Silica Alteration 
Figure 
N Range Mean ±σ 50% 75% 90% N Range Mean ±σ 50% 75% 90% 
Xantho 863 349 37 - 79 67 7 69 73 75 514 37 - 91 77 8 80 82 84 8.16a 
GG4 208 104 52 - 67 63 4 64 65 67 104 70 - 89 85 4 86 88 89 8.16b 
GG5 65 32 57 - 79 74 5 76 77 78 33 46 - 84 74 10 77 80 83 8.17a 
GG6 101 52 52 - 75 70 5 73 74 75 49 63 - 91 83 7 86 88 89 8.17b 
SC2RHD 77 13 73 - 79 77 2 77 78 79 64 67 - 90 84 6 86 88 89 8.18a 
DAC 194 46 37 - 76 67 10 70 74 75 148 37 - 80 71 9 75 78 79 8.18b 
DLT 118 97 41 - 72 66 7 68 70 71 21 43 - 73 64 8 66 70 72 8.19a 
RHY 100 0 - - - - - - 100 37 - 83 72 10 76 80 82 8.19b 
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Figure 7-16. GSI frequency distribution for the a) Xantho and b) GG4 populations 
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Figure 7-17. GSI frequency distribution for the a) GG5 and b) GG6 populations 
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Figure 7-18. GSI frequency distribution for the a) SC2RHD and b) DAC populations 
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Figure 7-19. GSI frequency distribution for the a) DLT and b) RHY populations 
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Figure 7-20. GSI chart (Hoek & Marinos, 2000) showing mean values (small circles) and range of 
standard deviations (large ecllipse), for silica-altered (red) and chlorite-altered (green) populations; 
Xantho population range (black ecllipse) 
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7.6.2 Core Disking 
Disking of drill core is a frequently observed occurrence in the Xantho case study area 
(Figure 6-5). Core disking is a phenomenon in which the cylindrical drilled core cleaves into 
disks with uniform spacing and shape (see Core Disking). The uniform spacing and shapes 
of the disks and the consistent strike orientation of these drilling-induced fracture planes 
indicate their formation is related to the local stress state and core disking is known to occur 
in high in-situ stress environments (E.g.Jaeger and Cook 1963, Haimson and Lee 1995, 
Ohta 2001, Lim, Martin et al. 2006, Bunger 2010, Lim and Martin 2010). Early work by 
Jaeger & Cook (1963) revealed an inverse relationship between the magnitude of applied 
principal stress and the thickness of the resulting disk; and all else being equal higher in-situ 
stresses create thinner disks. Based on visual estimates and relative comparisons between 
individual disking occurrences, domains within the drill core that showed signs of drilling-
induced disking were classified into four fields: Intense, Strong, Moderate, and Minor 
(Figure 7-21), based on the average disk thickness and disk density (Figure 7-22).
 
Figure 7-21. Xantho Core disking occurrences domains 
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The shape and thickness of individual disks are not evaluated from photographs, as 
analysis requires access to the physical core. However, the location of core disking can yield 
information and insights into local states of stress and local geological factors that may 
contribute to their development. Disking intervals are similar across lithologies but disking is 
far more frequent in the intrusions and at their margins (Figure 7-23 and Figure 7-24). The 
intense and strong disking populations are analysed by alteration, lithology, and setting 
characterisations; the moderate and minor disking domains are not considered here as 
these commonly contain significant natural fractures and the high in-situ stress mechanism 
of disking is not conclusive. Figure 7-24a shows that intense-strong core disking is 
predominantly associated with silica-alteration. Figure 7-24b indicates that core disking 
occurs in all lithological domains but is more frequent in the rhyolite (RHY) and dacite (DAC) 
intrusions and in the GG4 sediments. Figure 7-24c shows the geological setting in which 
disking occurs indicating disking predominantly occurs within the margins of intrusions and 
at their contact with adjacent hosts (Figure 7-23). 
 
Figure 7-22. Core disking intervals by lithology (metres) 
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Figure 7-23. Vulcan model showing the location of disking in Xantho drill core compared to geological domains outlined on section 19440N 
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Figure 7-24. Intense and strong core disking occurrences in the Xantho case study 
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7.7 Illustrative Numerical Modelling 
To illustrate the potential mechanical effect of hydrothermal alteration on the Xantho 
case study rockmass a continuum numerical model using the finite element method (FEM) 
was constructed (Figure 7-25). The model geometry represents a cross-section of the 3D 
Vulcan geology model for the Gossan Hill mine imported into the two-dimensional FEM 
program RS2 created by Rocscience Inc (Rocscience 2015). RS2 employs the Generalized 
Hoek-Brown failure criterion (Hoek and Brown 1980, 1997), which incorporates laboratory 
test data for intact rock with the GSI rockmass characterisation index. Material strength 
properties for the lithological rockmass domains are calculated using a Rocscience Inc. 
companion program RocData 5.0  (Rocscience 2015) and imported directly into RS2. 
The most distinct alteration behaviour is in the GG4 domain that shows unique GSI 
populations for chlorite and silica altered rockmass (Figure 7-16). The GG4 domain is host to 
a number of rhyolite, dacite, and dolerite intrusions with silica-altered contacts (Figure 3-1 
and Figure 7-2) and has significant disking observed occurrences within the rhyolite 
intrusions and silica alteration (Figure 7-23). The FEM model seeks to illustrate the 
difference mechanical behaviours of chlorite and silica altered rockmasses adjacent to an 
excavation (Figure 7-25 and Figure 7-26). 
7.7.1 Model Geometry – Geological Section 19440N 
The RS2 model reproduces a mine scale, east-west section of the 3D Vulcan geological 
model imported from the Golden Grove database (Figure 7-25). The section intersects the 
Xantho case study area, host to mineralised sub-vertical volcanoclastic units, and multiple 
(semi-) discordant dacite, dolerite, and rhyolite intrusions. The geometry of the Vulcan 
domain is modified to honour the sedimentary and intrusive paragenesis and a silica-altered 
edge domain is inserted (Figure 7-26). Representing the silica-altered rockmass as separate 
domains with individual material properties reflects the geological character of these 
contacts defined in this thesis. The widths of individual domains correspond to the statistical 
means calculated from core logging (Table 6-3). 
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7.7.2 Material Properties 
Xantho RS2 rockmass material properties are calculated for the main geological units 
using the Generalised Hoek-Brown failure criterion in the RocData 5.0 program (Rocscience 
2015). The intact material properties for the Xantho lithologies are taken from intact rock 
testing results in the Golden Grove database (Table 7-6). Only the mean values for density, 
UCS50 (strength), Young’s Modulus, and Poisson’s Ratio were used in the RocData 5.0 
calculations. 
Table 7-6. Intact rock test data used in Xantho RS2 modelling 
Rock Type (# test samples) Density t/m3 
UCS50 
MPa 
UTS 
MPa 
Young's 
Modulus  
(E) MPa 
Poisson'
s Ratio 
(ρ) 
DAC (9) Average/Value 2.75 108 10 69456 0.25 St. Dev. 0.02 23 4 13040 0.06 
DOL (12) Average/Value 2.81 147 18 78483 0.26 St. Dev. 0.10 43 5 15916 0.05 
SC2RHD (4) Average/Value 2.77 66 10 83275 0.29 St. Dev. 0.03 34 2 7808 0.16 
RHY (5) Average/Value 2.67 170 12 74340 0.25 
St. Dev. 0.03 54 4 2161 0.03 
GG5 (9) Average/Value 2.83 106 11 73400 0.23 St. Dev. 0.09 79 6 18043 0.08 
GG6 (9) Average/Value 2.85 131 12 80378 0.33 St. Dev. 0.06 38 2 18209 0.06 
GG4 (25) Average/Value 3.00 108 15 75178 0.25 
St. Dev. 0.34 54 5 16047 0.11 
Silicified Sediments 
(3) 
Average/Value 2.78 199 - 90500 0.19 
St. Dev. 0.04 42 - 5981 0.09 
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Figure 7-25. RS2 FEM mine-scale Vulcan 3D model geometry of section 19440N Golden Grove geological model looking north; Figure 7.25 dashed box 
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Figure 7-26. Inset in Figure 8.25 showing Xantho RS2 FEM model geology at 1107m depth looking north on section 19440N 
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Intact strength properties are modulated by rock type in the rockmass failure equations 
by the constant mi (Equation 4-23). The mi constant applies to individual rock types and is 
derived from the slope of a polynomial curve fitted to a large number of intact test results 
(Figure 4-7) (Hoek and Brown 1980). Variability in the slope of the failure curves for a single 
rock type stems from the natural heterogeneity in crystal and grain size, shape, distribution, 
and structure (texture); factors which influence the stress-strain response during deformation 
(Waiters and Delahaut 1995, Eberhardt, Stimpson et al. 1999, Marinos and Hoek 2001, 
Dawood, Saleh et al. 2005, del Potro and Hürlimann 2009, Rigopoulos, Tsikouras et al. 
2010, YildIz, Kuşcu et al. 2010, Pola, Crosta et al. 2012, Julia, Vladimir et al. 2014, Kilic, 
Ulamis et al. 2014, Wyering, Villeneuve et al. 2015). The more heterogeneous a rock is, the 
more variable these characteristics are, resulting in greater variance in the slope of the 
failure curves. In the absence of test data, published tables contain empirical estimates of mi 
for a range of rock types. RocData 5.0 includes similar built-in tables supported by an 
internal database containing results for approximately 700 test samples to estimate typical 
strength parameters such as mi (Rocscience 2015). Very few records in the database 
describe rocks with hydrothermal alteration and the variability described above bringing into 
question the suitable of any mi value not derived directly from the material in the study, 
especially for more complex metasomatosed rocks. The incomplete nature of the intact test 
data for the altered Xantho lithologies means mi cannot be calculate by the curve fitting 
technique. However, the original work by Griffiths (1921) showed how crack propagation 
energy is proportional to the ratio of compressive (UCS50) to tensile strength (σt) (Table 7-6 
and Table 7-7). This relation correlates the crack-initiation threshold and propagation 
behaviour to the size and shape of the grain or crystal (Eberhardt, Stimpson et al. 1999), 
approximating the petrological character and defining mi as (Equation 7-4): 
𝑚𝑚𝑐𝑐 = 𝑈𝑈𝐽𝐽𝐽𝐽50𝜎𝜎𝑡𝑡  
Equation 7-4 
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Material properties for the “Edge’ domains are derived from the Xantho ‘Silicified 
Sediments’ rock type test data (Table 7-6). The decision to use the silica-altered sediments 
to represent the material properties of the Edge domains is based on the nature of the 
metasomatic process outlined by lithogeochemical analysis at Golden Grove (Stanley et al 
2002). This study showed that most of the silica metasomatism occurs throughout the 
evolution of the VMS deposit by the removal of mobile ions (e.g. K+, Na+, Mg2+ or Fe2+/3+) 
from the volcanosedimentary matrix and individual mineral lattices by the circulating 
hydrothermal seawater solution and through the local release of magmatic fluids and thermal 
recrystallisation during magma emplacement. The re-precipitation of mobilised silica occurs 
concurrently in the mass-transfer reactions during both metasomatic processes and 
therefore is not specifically associated with ore-formation metasomatic processes 
responsible for the silicified sediments (Stanley, Radford et al. 2002). The process is 
extremely texturally destructive and causes metasomatic reorganisation, recrystallisation 
and/or annealing of the intact rock to produce finer-grained or amorphous lithology 
approaching that of a recrystallised quartzite or chert. The character of the elastic modulus is 
sensitive to changes in material and textural properties and the altered lithologies will 
increase in stiffness as silica-alteration intensifies. There is no tensile strength data for the 
silicified sediments and the Edge domains’ mi value is the average mi value of all fine-
grained sandstones and metamorphic quartzite found in the RocData 5.0 internal database. 
This value is appropriate as these siliceous lithologies approximate the nature and texture of 
silica-altered sedimentary and crystalline protoliths of varied intensities. 
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Table 7-7. RocData rockmass parameters used in Xantho RS2 numerical model; see text for details 
RocData rockmass values for RS2 FEM 
Domain 
GSI 
Mi Mb s a Deformation Modulus 
Residual 
GSI 
Residual 
Deformation 
Modulus Mean ±σ 
GG4_Chl 63 4 7 1.867 0.016 0.502 44187 27.1 5069 
GG4_Si 85 4 15 8.779 0.189 0.500 69660 27.2 5069 
GG4 
Edge 85 4 15 8.779 0.189 0.500 83857 27.2 6102 
GG5 74 5 9 3.556 0.056 0.501 58809 27.5 4949 
GG5 
Edge 74 10 15 5.927 0.056 0.501 72509 27.5 6102 
GG6 77 9 11 4.838 0.078 0.501 67859 27.4 5420 
GG6 
Edge 83 7 15 8.174 0.151 0.500 82356 27.3 6102 
SC2RHD 83 6 6 3.269 0.151 0.500 75782 27.3 5615 
SC2RHD 
Edge 84 6 15 8.471 0.169 0.500 83134 27.3 6102 
DAC_Chl 67 10 10 3.077 0.026 0.502 46808 27.3 4683 
DAC_Si 71 9 15 5.325 0.040 0.511 52165 27.4 4683 
DAC 
Edge 71 9 15 5.325 0.040 0.501 67971 27.4 6102 
DLT 66 7 8 2.375 0.023 0.502 51256 27.3 5292 
DLT 
Edge 64 8 15 4.147 0.018 0.502 55198 27.1 6102 
RHY 72 10 14 5.150 0.045 0.501 57134 27.4 5012 
RHY 
Edge 72 10 15 5.518 0.045 0.501 69554 27.4 6102 
 
The mean GSI values for the chlorite and silica GG4 domains represent the altered 
rockmass in the RS2 model (Table 7-7). All other lithological domains use the total mean 
value for their own populations (i.e. silica and chlorite members) while their Edge domains 
use their silica-altered population GSI value (Table 7-7). RocData 5.0 outputs rockmass 
characteristics as the dimensionless parameters mb, s, and a, representing the degree of 
block interlocking, the condition of the inter-block surfaces, and the failure envelope. An 
important output for numerical analysis is the ‘Deformation Modulus’, an equivalent Young’s 
modulus for the rockmass that is calculated in RocData 5.0 using the Generalised Hoek & 
Diederichs equation (Equation 6-8). In relative, the Young’s modulus considers only elastic 
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deformation of the intact rock while the moduli of deformation better characterises both the 
elastic response of the intact block and inelastic deformation on discontinuities in the 
rockmass producing leading to generally lower values. 
RS2 accommodates post-peak analysis relating to strain-softening behaviour in the 
rockmass. The residual rockmass strength was determined using the GSIr Equation 6-9 
proposed by Cai and others (2007) to calculate the residual deformation moduli (Table 7-6). 
The GSIr for the Xantho rockmass domains represent rocks in the ‘disintegrated’ GSI 
category (Table 7-7 and Figure 4-12). This low rating reflects the reduction in surface 
roughness to represent smoothing of the surface asperities and the small 10cm3 block size 
imposed by the equation to represent a reduction in block volumes for failed rock masses 
(Cai, Kaiser et al. 2007). The reduction in block size to such a small volume maybe valid for 
the residual degradation of rough, tensile fractures forming brittle angular blocks in silica-
altered rockmass but it does not adequately characterise the evolution of the chlorite-altered 
rockmass. The chlorite alteration in fractures is soft with a low shear strength. Deformation 
will rapid erode the softer asperities to reach a lower residual shear strength below that 
require for forming new brittle fractures, stabilising block volumes. 
7.7.3 Stress-Field 
The three-dimensional principal stress field calculated for 1107m depth at Golden Grove 
needs to be transformed into an equivalent two-dimensional plane strain principal stress field 
to align with the E-W axes of the RS2 model (Figure 7-25, and Table 6-5). In RS2, the trend 
and plunge of the three principal stresses at 1107m depth are entered into a ‘Stress 
Transformation Tool’ and converted into a constant 2-dimensional stress field that is applied 
to the model (Table 6-5). 
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7.7.4 Excavation Dimensions and Locations 
The excavation model is 5 x 5m with a rounded roof (Figure 7-26Figure 7-26). The 
excavation is located on the 19440N section at 1107m depth to coincide with the volume of 
rockmass sample by the 36 drill core collared in the Xantho decline (Figure 6-7). 
7.7.5 Discretization, Mesh, and Displacement 
The Xantho model results in 123952 discretization with 140 for the excavation, 1689 for 
external boundaries, 26737 for material boundaries and 1007 for joint boundaries. The 
Xantho model uses a graded mesh with a gradation factor of 0.1 and a 3-noded triangle 
element producing 245070 elements. As a rule of thumb, an underground excavation has 
the potential to perturb the immediate in-situ stress over an area approximately 3.5 times the 
excavations dimensions. To capture this potential perturbation, the density of the mesh 
elements was increased around the excavation over an area 4 times (~20m2) the 
dimensions of the excavation resulting in an extra 29232 elements for 274302 model 
elements in total. Typical of underground models, all external boundaries are restrained 
against displacement using pinned restraints. 
7.7.6 Results 
The Xantho numerical models for silica and chlorite altered rockmass show noticeably 
different behaviours for stress redistribution and yield (Figure 7-27). The model employing 
the silica-altered GG4 rockmass shows that the highest σ1 of 166.6 MPa occurs at the 
corners of the excavation and across the rounded back (Figure 7-27b). Yield in this model 
extends less than two metres into the rockmass and is concentrated in the floor and back. 
The model employing the chlorite-altered GG4 rockmass shows the highest σ1 of 111.0 MPa 
occurs at the edge of a more extensive area of yield in the floor and back approximately 3-4 
metres into the rockmass (Figure 7-27c). 
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Figure 7-27. Xantho RS2 finite element model; (a) model geometry and geological domains; (b) 
distribution of σ1 and shear/ slip yield elements for silica-altered GG4; (c) distribution of σ1 and shear/ 
slip yield elements for chlorite-altered GG4  
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7.8 Discussion 
The Xantho case study aims to quantify the influence that hydrothermal alteration type 
and intensity has on the mechanical behaviour of the Xantho rockmass at the Gossan Hill 
volcanogenic massive sulfide (VMS) Zn-Cu-Pb underground mine. Classifying fracture 
frequency domains in drill core by the type and intensity of the secondary hydrothermal 
alteration assemblage, the Xantho case study displays a quantifiable distinction between the 
mechanical behaviour of the chlorite altered and silica altered intact rocks and rockmass 
(Figure 7-4a). Supplementary classification of altered fracture domains by lithology and 
geological setting show how the different material properties and gross textural character of 
the stratified volcanoclastic sediments and massive igneous intrusions influence the 
development of fractures in a predictable manner (Figure 7-8 and Figure 7-9). 
Characterisation and quantification of the rockmass using the geological strength index 
provides three significant rockmass quality populations that highlight the importance of 
alteration type on the condition of the discontinuity and draws a distinction between 
volcanoclastic sediments and igneous intrusions (Figure 7-16a). Numerical modelling of the 
chlorite and silica rockmass using the Hoek-Brown failure criterion displays marked 
behaviour near an underground excavation and, coupled with the location of strong core 
disking, illustrates the role that hydrothermal alteration may have in distributing far-field 
stress. Characterising the Xantho lithological domains and geological settings by alteration 
type and intensity creates a predictive alteration proxy that has a wider application across a 
greater range of geological conditions than typical alteration indices created from 
petrological characterisation of altered rock samples representing stages in the metasomatic 
process. 
7.8.1 Intact rock alteration 
Fracture frequency populations’ shows that the Xantho area has a greater occurrence of 
sedimentary rock with silica-rich alteration (60%) than chlorite-rich alteration (40%) 
(Figure 7-4a and Table 7-1). The difference in the statistical mean for silica and chlorite 
alteration populations reflect a difference in intact strength and elastic behaviour, while the 
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range of fracture frequencies reflects the varying degree of alteration intensity and textural 
reorganisation and the presence of variable compositions (Figure 7-4a and Table 7-1). 
Secondary mineral growth and textural reorganisation during alteration modify intact strength 
compared to non-altered sediments with the difference in mechanical behaviours related to 
the strength, elastic and inelastic properties of the alteration mineral assemblage (Tuǧrul and 
Zarif 1999, Gifkins and Allen 2001, Ikari, Niemeijer et al. 2011, Tandon and Gupta 2013, 
Ikari, Niemeijer et al. 2015, Ündül, Amann et al. 2015). This is reflected by the intact rock 
testing for the Xantho lithologies that shows that silica-altered sediments are approximately 
50-60% stronger (UCS50) and approximately 20% stiffer (E) than the other, mainly chlorite-
altered sedimentary rock types tested (Table 6-4). Lithogeochemical studies of the main 
pervasive alteration assemblages at Golden Grove show that silica alteration occurs as a 
result of the loss of mobile components (e.g. Na+ and K+) from the phyllosilicate minerals 
muscovite and chlorite during fluid-rich metasomatic reactions; reactions which congruently 
caused the liberation and local precipitation of silica alteration as quartz (Stanley, Radford et 
al. 2002). Observations in drill core of silica-alteration ‘over-printing’ chlorite-altered 
lithologies are consistent with these net mobility reactions in the Xantho area. The alteration 
of primary intact minerals to chlorite or quartz fundamentally changes the material properties 
of the intact rock by changing the material properties of the constituent mineral phases. 
Chlorite commonly replaces ferromagnesian silicate minerals such as pyroxene, amphibolite, 
and biotite common in volcanic and dolerite compositions. Chlorite is a phyllosilicate mineral 
with a relative Mohs hardness of 2 -2.5 and a sheet-like structure consisting of layers of 
strong covalently bonded Si-O tetrahedra connected by layers containing K-Mg-Al-OH (Deer, 
Howie et al. 1992). The bound between the different layers is ionic and weak and the sheet-
like framework is easily broken during deformation. This arrangement creates a prefect basal 
cleavage that is flexible yet inelastic and susceptible to shear, facilitating plastic behaviours 
at lower stress levels with typical values for K = 15000 MPa, μ = 14000 MPa, ν = 0.14, and E 
= 32400 MPa (Cain 2016). Quartz is a tectosilicate (framework silicate) mineral with a 
relative Mohs hardness of 7 (Deer, Howie et al. 1992). The greater strength of the quartz 
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crystal is due to it three-dimensional lattice of strong Si-O covalent bonds that resists 
cleaving forming only conchoidal fractures. Quartz crystals are very resistant to deformation 
with typically values for Bulk Modulus (K) = 36300 MPa, Shear Modulus (μ) = 45000 MPa, 
Poisson’s Ratio (ν) = 0.06, and Elastic Modulus (E) = 95830 MPa giving a stiff 1:1 linearly 
elastic stress/strain ratio (Cain 2016). When these values for individual minerals are 
compared with the Golden Grove Database test values, we can see how the properties and 
intensities of the alteration mineral relative to the intact rock properties (c.f. Table 6-4). The 
elastic modulus of the silica-altered sediments is 90500 MPa (Table 6-4) reflecting the 
almost complete alteration of the rock to silica as demonstrated by the lithogeochemical 
study of Stanley and others (2002). Chlorite alteration metasomatism is not as complete as 
the silica alteration as it only alters Mg-Al-rich primary mineral in the host rock and does not 
affect primary quartz. This is reflected in the higher elastic and strength properties of the 
chlorite-altered rocks (e.g. E = 75178 Mpa) that contain a mix of chlorite and silica mineral 
phases.  
The formation of phyllosilicate chlorite crystals and their alteration to tectosilicate quartz 
crystals fundamentally modifies the texture of the intact rock, which has a primary effect on 
the rocks strength and mechanical behaviour during deformation (e.g. Kranidiotis and 
MacLean 1987). When a material is subject to an applied stress beyond its yield point 
fractures can develop. The mode of fracture development depends on the orientation and 
magnitude of the differential stress (σ1 – σ3) and the mean stress ((σ1 + σ3)/2). Experiments 
show that, in general, fine-grained rocks are stronger than coarse-grained ones, and the 
presence of an anisotropic discontinuity (e.g. bedding, foliation, fractures) lowers the 
strength of the rock relative to the orientation of the discontinuity (see Discontinuities in intact 
rocks). Griffith’s seminal work on the energy required for a fracture to propagate introduced 
the principal concept that the brittle strength of a rock is controlled by randomly oriented and 
distributed intragranular microfractures such as voids, pore space and grain boundaries 
(Griffith 1921). Anisotropy such as bedding, tectonic foliations, and crystallographic fabrics 
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will reduce the strength of the intact rock in much the same way as Griffith’s microfractures. 
At Xantho, larger phenocrysts of muscovite-altered feldspar and ferromagnesium minerals 
alter to tabular mats of phyllosilicate chlorite crystals (see Stratigraphy and Alteration of the 
Gossan Hill VMS Deposit; Sharpe, 1999) increasing the density of grain boundaries in the 
intact rock able to act as microfractures. Where alteration is associated with dynamic 
tectonics or it replaces a previously aligned mineral fabric, then nucleation constraints will 
align the long-axes of the crystals to form an altered (pseudo-) fabric. Textural reorganisation 
and replacement by phyllosilicate minerals such as chlorite result in brittle-plastic behaviour 
during failure. Gliding of chlorite minerals by plastic dislocation flow along crystallographic 
axis and crystal boundaries occurs at relatively low temperatures but at regional pressures, 
while at higher temperatures and low stresses dislocation creep is prevalent (Cox, Etheridge 
et al. 1981, Gilligan and Marshall 1987, Marshall and Gilligan 1987, Passchier and Trouw 
1996, 2005). Initially, both mechanisms facilitates shear deformation within the chlorite 
mineral at low levels of applied stress. As deformation progresses rotation of misaligned 
crystals and the development of kink bands will promote strain hardening leading to brittle 
failure (Cox 1987). In chlorite-altered rock, this results in a failure path that switches from an 
initial period of plastic deformation that may developments into finite shear zones to 
complete brittle failure characterised by an instantaneously through-going fracture. Silica 
alteration at Xantho replaces the tabular chlorite crystals with trapezohedron quartz crystals 
during metasomatic reactions that strip mobile ions from the chlorite crystal structure leaving 
the siliceous framework, which recrystallised as quartz as locally mobile silica redeposits 
within and between crystals (Stanley, Radford et al. 2002). This process effectively remodels 
the crystal habit, diminishes the number of crystal boundaries and crystallographic axes 
while forming interlocking boundaries, and destroys the original fabric of the rock as intensity 
increases. The random spatial orientation of the tetrahedra silica molecules in different 
planes of the crystal structure forms an interlocking mesh with no planes of weakness. This 
arrangement provides the crystal with strength and rigidity while reducing the number of 
potential microfractures. This supports a higher accumulate of stress in the quartz crystal 
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and silica-altered rock before the formation of microfractures though and/or around crystals 
leading to brittle cataclastic failure (Cox, Etheridge et al. 1981, Passchier and Trouw 1996, 
Marshall, Vokes et al. 2000, Passchier and Trouw 2005). 
Yield will occur in a material once a critical level of stress is reach that is greater than its 
strength characteristics. Depending on the stress pathway to failure (peak strength), a 
material may yield by developing distinct fractures or shears. Post-peak the material will 
continue to yield under stress and will approach a residue strength at which strain 
accumulates only in existing shears and fractures. As local stresses increase within a 
chlorite-altered rock, the mechanical response is anisotropic and depends on the magnitude 
and direction of the stress field in relation to the tabular mineral fabric. A favourably 
orientated crystal axis, boundary, or cleavage plane will yield in Mode 2 shear and the defect 
will quickly reach a residue strength level related to frictional sliding and dislocation flow or 
creep. The low residual strength of the shear will effectively modulate the build-up of stress 
in the chlorite-altered rocks to levels below that needed for brittle fracturing, promoting 
plastic behaviour accommodated in finite zones of strain (e.g. Passchier and Trouw 2005, 
Fossen 2010). Conversely, the nature of the silica-altered rock increases both the critical 
and residual stress levels required to yield. As stress builds, the randomly orientated quartz 
framework is mechanically isotropic and Mode 1 brittle fractures will form aligned to the main 
principal stress direction and the stress (energy) required will constitute peak strength 
(Griffith 1921, Griffith 1924). Brittle tensile fractures have rough, stepped surface conditions 
often populated by rock bridges. The presences of rock bridges strengthen the fracture, 
which retains a residual strength very close to the peak critical level, permitting higher stress 
levels and the development of new fractures. 
7.8.2 Altered lithologies 
Analysing the Xantho fracture frequency population by geological domains highlights 
how the compositional and architectural character of the volcanosedimentary and igneous 
units control which alteration assemblage forms and the character of it subsequent 
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mechanical behaviour (Figure 7-4b to Figure 7-7b). At Xantho, the creation of silica and 
chlorite altered lithologies with divergent material strength, stiffness, and elastic properties 
produce geological domains with significantly different mechanical behaviours. Changes in 
the mineralogy during hydrothermal alteration alter the elastic properties of the intact 
lithology with respect to the alteration mineral properties. The Xantho area consists of 
stratified sediments and crosscutting intrusions, overprinted by contrasting domains of 
chlorite and silica alteration. In the GG4 and GG6 volcanosedimentary domains the silica 
and chlorite altered fracture frequency populations have similar sample numbers largely 
reflecting the interbedded character of the compositional members (Figure 7-4b & 
Figure 7-5b; Table 7-1). GG4 and GG6 both exhibit higher mean fracture frequencies over a 
greater range in silica-altered rock compared to chlorite-altered with absolute responses 
reflecting the lithological character of each geological domain. At the deposit scale, 
hydrothermal alteration type and intensity varies across stratigraphy with chlorite dominating 
in the lower GG4 and silica becoming increasingly prevalent through the GG5-GG6 
sediments and into the SC2-RHD lava (see Stratigraphy and Alteration of the Gossan Hill 
VMS Deposit). At the scale of the rockmass, alteration has a more variable extent and 
intensity with complex overprinting relations associated with later intrusion and deformation. 
This scale variance and overprinting character of hydrothermal alteration types and 
intensities creates an anisotropic system of altered material properties juxtaposed by 
prolonged and divergent geological processes. 
During alteration, a change in the intact Young’s modulus (E), a measure of the 
stress/strain ratio (E = σ/е) or stiffness, is accompanied by a closely related change to the 
materials rigidity through the Shear modulus (µ) (i.e. E = 2µ), which is also reflected in the 
materials Poisson’s ratio (ν). Together, the material parameters E, µ, and ν can describe the 
time dependent viscosity (rheology) of an elastic material during deformation and materials 
with high values are mechanically stronger with increased resistance to deformation (Fossen 
2010). The intact test results for Xantho show that silica-altered volcanoclastic sediments are 
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approximately 45% stronger (UCS50) and 17% stiffer (E) than chlorite-altered volcanoclastic 
sediments (Table 6-4). During periods of past regional deformation the greater strength and 
larger E of the silica-altered lithologies would have allows them to accumulate a higher level 
of stress before failure than the chlorite-altered lithologies. The comparative difference in 
mechanical behaviour during deformation is qualitatively described as its resistance to flow 
(viscosity) relative to that of its neighbouring material, or competency (Fossen 2010). During 
such large-scale deformation, the differential stress distribution creates competency 
contrasts between silica and chlorite altered rocks, which produces local strain 
incompatibilities and differential mechanical behaviour. The mechanical competency of the 
altered stratified lithologies in GG4 and GG6 is an important behavioural feature responsible 
for the difference in silica and chlorite fracture frequency populations (Figure 7-4b and 
Figure 7-5b). The contrasting competencies of the altered layers mean that during 
deformation adjacent layer transmits boundary forces. The differences in ν and μ properties 
for silica or chlorite domains will create differential volume change across the interface and 
non-compatible strain characteristics will develop in each domain bound by a slip surface or 
fault. This leads to anisotropic fracture development in GG4 and GG6 with alteration type 
and intensity, unit thickness, inter-layer forces, stress vectors, and deformation mode 
influencing fracture density and spacing. The difference in fracture development between 
Xantho lithologies relate in part to the difference in intact strength and its effect on stress 
redistribution within the unit. For rocks with the same material properties, fractures will be 
more closely spaced in thinner units and in stronger rocks than weaker rocks (see Crack-
Initiation and Stable Propagation). Fractures develop to relieve tensile stress and restore 
strain compatibility, producing ‘stress shadow’ where the stress is reduced in the layer 
laterally over a finite distance proportional to the fracture length. As fractures terminate at 
layer boundaries, longer fractures with larger stress shadows naturally occur in thicker units. 
Neighbouring fracture can only form beyond the volume of rock affected by the stress 
shadow where the stress once again attains remote levels. Spacing is therefore dependent 
on the width of the stress shadow governed by the elastic properties of the material. As the 
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strain is the same along all layers in a local region, rocks with low tensile strength show 
more fractures than stiffer rocks but stronger layers require greater stress levels to fracture 
and tend to fracture more frequently with more closely spaced fractures than weaker layers.  
Finer variances between the mechanical behaviour of chlorite and silica altered 
lithologies reflect the compositional variability of the layering and the greater proportion of 
silica alteration associated with intrusions in GG4 and the massive sulfides in GG6. At 
Xantho, the silica-altered populations’ associated with altered layers and intrusive margins 
development distinct fracture frequencies due to competency contrasts and local strain 
incompatibility (Figure 7-8 and Figure 7-9). The GG4 domain is characterised by large 
thickness of chlorite-altered volcanoclastic sediments and siltstones intercalated with thinner 
silica-altered sandstone layers, cut by discordant intrusions (Figure 3-1; see GG4 Member). 
In contrast, the GG6 domain contains a high proportion of silica-altered siltstones and 
sandstones associated with massive sulfide mineralisation and few intrusions emplaced 
towards its margins with the massive GG5 and SC2-RHD domains (Figure 3-1; see GG6 
Member). Intrusions are common in GG4 with their emplacement facilitated by fracturing and 
faulting of the host to produce the dilatant pathway. The contrast in competency between the 
heterogeneous and stratified volcanoclastic sediments and the homogenous and discordant 
intrusions create variable strain incompatibilities along their mutual margins that perturb the 
local stress state. Core logging shows that the additional silica-alteration occurring at the 
margins of the intrusions form from fluids released during magma crystallisation and during 
subsequent faulting and associated fluid ingress. These processes create the third ‘Edge’ 
material domain between the intrusions and sediments whose character depends on the 
nature of the sediments and the intensity of the alteration process. The occurrence of the 
silica-altered margin will perturb local stresses during deformation causing strain 
incompatibilities and promote further faulting and fracturing within silica-altered margins of 
the sediment-intrusions interface (Figure 7-8 and Figure 7-9). The presences of massive and 
stringer sulfide lenses in the silica-altered GG6 strata influences the mechanical behaviour of 
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the rockmass in two distinct modes. Not long after deposition of the base-metal sulfides, the 
Golden Grove deposit experienced ductile deformation associated with an episode of 
greenschist facies metamorphism in the mid-crust (See Regional metamorphism). Studies 
have shown that sphalerite-rich sulfides deform in a ductile (plastic) manner at temperatures 
and pressures below those required to attain greenschist facies metamorphism in silicate 
rocks (Plimer 1987, Marignac, Diagana et al. 2003, Passchier and Trouw 2005). During 
ductile deformation, sulfides commonly remobilise to low-pressure locations such as hinge 
zones and fold noses or dilatant structures (Hobbs 1987, Marshall and Gilligan 1993, 
Marignac, Diagana et al. 2003, Zheng, Gu et al. 2012). Remobilisation will commence during 
low strain rates and continue as ductile strain is accommodated in the soft plastic sulfide 
masses. At Xantho, the remobilised sulfides form a ductile matrix enclosing boudinaged 
blocks of stiffer silica-altered sediments. The lower strength of the sulfides readily 
accommodates further strain effectively modulating the level of local in-situ stress and 
reducing the potential for brittle fracture. These contrasting competencies and mechanical 
behaviours causes less, more widely spaced fractures to form in silica-altered sediments 
associated with the remobilised sulfides than those without sulfides. Secondly, during later 
episodes of brittle deformation in the upper crust, the strain rate is higher and the 
behavioural characteristic of the sulfide and silica-altered sediments are similar with Xantho 
rock testing showing silica-altered sediments are approximately 20% stronger (UCS50) and 
10% less elastic (E) than sphalerite-rich sulfides (Table 6-4). Difference in the elastic 
behaviour and thickness of the silica and chlorite altered layers and sulfide masses creates 
local competency contrasts and areas of strain incompatibility promoting closer-spaced and 
more numerous fracturing in the thinner stiffer silica-altered layers leading to an increase in 
fracture frequencies (Figure 7-5b and Table 7-1). 
In contrast, the volcanosedimentary GG5 and the igneous SC2-RHD, DAC, DOL, and 
RHY geological domains have massive textural characters with only minor lithological 
variation associated with composition and crystal/grain size (see GG5 Member and 
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Intrusions). Alteration type in GG5 varies with stratigraphic height with chlorite-rich alteration 
at its base becoming more silica-dominant towards it top. GG5 has the tightest range and 
smallest mean fracture frequencies for both silica-altered and chlorite-altered domains of all 
the volcanosedimentary domains (Figure 7-5a and Table 7-1). Within the GG5 domain, the 
greatest fracture frequencies occur within silica alteration towards the geological domains 
margins with the lower GG4 and upper GG6 domains, and within intense silica alteration at 
the margins of intrusions. The massive architecture and lack of internal variability causes the 
GG5 sandstone to behaviour as a rigid body during deformation. In a similar arrangement to 
the silica blocks within the sulfide matrix in GG6, the contrasting competencies of the 
stratified and chlorite-altered (softer) GG4 and GG6 domains and the massive sandstone 
concentrates stress towards the margins of GG5 where the strain incompatibility is greatest. 
Contrasting elastic properties and strain incompatibility results in repeated brittle fracturing in 
the stiffer GG5 and a greater degree of brittle-ductile deformation in the GG4 and GG6 
manifested as folding and shearing commonly noted in the core logging. Brittle failure within 
the margin of the stiffer GG5 sandstone enables by differential volume changes between 
silica and chlorite altered lithologies facilitates faulting and dilation that provides pathways for 
the rhyolite and dolerite magmas noted to intrude along the GG5 contacts. 
In a similar way, the largely homogenous and isotropic character of the dolerite, dacite, 
and rhyolite intrusions promotes rigidity and strain incompatibility at their silica-altered 
margins. The altered fracture frequency populations in the igneous domains DAC, DOL, 
RHY, and SC2-RHD all show greater fracture development in the silica alteration than 
chlorite alteration (Figure 7-6a,b and Figure 7-7a,b), with their absolute frequencies 
reflecting their individual geological character and emplacement history (see Intrusions). The 
margins of the intrusions all have consistently greater fracture development than within the 
intrusive body (Figure 7-8 and Figure 7-9) attesting to the influence that silica alteration at 
the margins has in creating high strain incompatibility between materials of different elastic 
character. The greatest fracture frequencies occur at the contact of younger intrusions 
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intruding older intrusions and in intrusions emplaced along the fractured margins of the 
siliceous GG5 domain. The shows how the massive character of the intrusions and GG5 
lithologies coupled with the increased stiffness of the silica alteration, restricts ductile 
deformation processes and concentrates stresses to higher levels leading to brittle failure. 
7.8.3 The altered rockmass 
Quantifying and classifying the Xantho fracture frequency populations using a quantified 
RQD* value and GSI characterisation scheme reveals a marked distinction in the rockmass 
quality rating for silica and chlorite altered domains (Figure 7-20). The divergent rockmass 
qualities illustrates how the condition of the defect surface is modified by alteration type and 
demonstrates the sensitivity of the GSI scheme to surface classification. Whereas fracture 
frequency describes the structure (blockiness) of the rockmass in terms of fracture density, 
the GSI rating essential considers the strength of those fracture surfaces (Marinos, Marinos 
et al. 2005, Hoek and Marinos 2007, Marinos, Marinos et al. 2007, Hashemi, Moghaddas et 
al. 2010, Hoek, Carter et al. 2013). The Xantho GSI rating captured the structure of the 
rockmass by converting the fracture frequency populations into RQD* and applies the 
condition of the defect surfaces to produce a rockmass stability rank. The calculations used 
to convert the Xantho fracture frequencies to RQD* values retains the distribution 
characteristics of the altered populations. However, the surface condition classification uses 
the five ‘Joint Condition Factors’ (Bieniawski 1989), which has the effect of normalising the 
altered populations into a ‘Surface Condition’ ranges (Figure 7-20 and Table 7-5). Of the five 
surface condition parameters ‘Separation’, ‘Roughness’, ‘Infill thickness’, ‘Infill type’, and 
‘Weathering’, it is the ratings for surface roughness and the presence, thickness and type of 
infill that vary with alteration and therefore determine the surface condition range 
(Figure 4-12, Figure 7-14, and Figure 7-20). The defect surfaces in the silica-altered 
rockmass are characterised by Mode 1 tensile fractures with surfaces conditions rated 
rough, stepped to undulating with clean to <5mm of silica infill with a JCond89 rating range 
of 16-29 (Table 7-4). The strength, stiffness, and roughness of the silica alteration on the 
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surface provides a greater strength and stiffness to rockmass during deformation through 
interlocking surfaces that restrict sliding and rotation increasing the elastic response before 
failure. The defect surface conditions in the chlorite-altered rockmass are characterised by 
Mode 2 in-plane shear fractures with surface conditions rated polished/smooth, planar to 
undulating surfaces with ≤5 mm of chlorite infill with a JCond89 rating range of 15-21 
(Table 7-4). The low strength, stiffness, and roughness of the chlorite alteration on the defect 
surface reduces the stiffness of the rockmass by facilitating elastoplastic shear failure in the 
chlorite infill, allowing intact block sliding and initiating a elastoplastic response at lower 
stress levels. When the condition of the surface in chlorite and silica alteration is 
incorporated into the GSI classification three distinct populations are produced 
(Figure 7-16a). The different silica and chlorite populations reflect the fundamental difference 
in surface condition for each alteration type, and the influence that lithology and geological 
setting have on rockmass quality (Figure 7-16b to Figure 7-20). 
The Xantho alteration populations have similar, overlapping fracture frequency 
distribution (Figure 7-4a and Table 7-1), but the altered surface characterisations separate 
the chlorite and silica alteration types into three distinct GSI populations with distinct 
distributions (Figure 7-16a and Table 7-5). The GSI population for silica alteration retains its 
skewed distribution with a mean GSI of 77 and a long lower-value tail, while the chlorite 
population forms a bi-modal distribution with a more restricted tail with a mean GSI of 67 
(Figure 7-16a and Table 7-5). The Xantho GSI data suggests that even though the silica 
alteration has greater fracture development, that is higher mean frequencies (Table 7-1) and 
lower mean RQD* (Table 7-3), the mechanical characterisation of the silica-altered 
rockmass is governed by the stronger, more favourable surface conditions. In a similar way, 
the weak surface condition in the chlorite-altered domains characterise the mechanical 
behaviour of the rockmass as weak, even though it has a low fracture development. 
Furthermore, the bi-modal distribution indicates that the character of the volcanosedimentary 
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or igneous lithology and the geological setting are additional features that regulate the 
mechanical behaviour of chlorite-altered rockmass (Figure 7-8 and Figure 7-9). 
The GG4 domain clearly demonstrates the affect that altered surfaces conditions have 
on rockmass characterisation and mechanical behaviour. The fracture frequency populations 
for both alteration types have identical populations (n = 104), and closely matching ranges 
and distributions (Figure 7-16a and Table 7-5). The weaker surfaces degrade the behaviour 
of the chlorite rockmass distributing the population around a mean GSI of 63, while the 
stronger surfaces promote more stable behaviour in silica rockmass around a mean GSI of 
85 (Figure 7-16b and Table 7-5). The effect of altered surface conditions and intact rock 
strengths are evident in the altered GG6 populations (Figure 7-17b and Table 7-5). The 
weaker surface condition for the chlorite alteration distributes the GSI rating around a mean 
value of 70; this overlaps with the tail of the silica-altered population with a mean of 83. The 
overlap in GSI values reflects the gradational nature of alteration types and intensity 
affecting intact strength and fracture frequency. The GSI populations for the altered GG5 
domain reflect non-systematic development of fractures at intrusive margins and domain 
boundaries (Figure 7-17a and Table 7-5). Both altered populations have the same mean GSI 
rating 74 but the silica-altered population has a larger variance and broader range of lower 
ratings than the chlorite-altered population reflecting variable fracture development at silica-
altered intrusive margins and geological domains boundaries. 
The GSI populations for the igneous domains DAC, DOL, RHY, and SC2-RHD reflect the 
nature of the lithologies, the geological setting, and type of alteration (Figure 7-18 and 
Figure 7-19; Table 7-5). The GSI population for the DAC domain highlights how the 
differences in the intensity of silica alteration between dacite bodies with different intrusive 
histories in different geological hosts, influences their mechanical behaviour (Figure 7-18b; 
see Intrusions). Analysing DAC GSI population in conjunction with geological observations 
reveals a sub-population of strongly silica-altered dacites emplaced within the GG4 domain, 
which are not differentiated in routine geological at Gossan Hill mine (Figure 7-18b). These 
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intensely silica-altered dacites are deformed in drill core, have increased fracture 
development compared to adjacent rocks, and are often intruded by later dacites, dolerites, 
and rhyolite intrusions (Figure 7-2). The majority of dacites outside GG4 are massive and 
relatively homogeneous in nature and characterised by variable chlorite alteration with minor 
structurally controlled silica alteration associated with faults and intrusive margins. The 
different in rockmass quality and response between the silica and chlorite altered dacite 
intrusions shows that differentiating the alteration facies of dacites during routine geological 
core logging would provide a more representative description of the rockmass behaviour, 
improve rockmass characterisation, and provide opportunities for more specific management 
of the rockmass during mining. 
The GSI populations for the chlorite-rich DOL and silica-rich RHY domains reflect the 
dominance of a single alteration type on rockmass behaviour (Figure 7-19a,b and 
Table 7-5). Both intrusions are relatively massive and their primary lithologies have been 
completely altered to a monomineralic composition. The massive dolerites intrusions are 
intensely chlorite-altered with a relatively uniform coarse to medium crystal size while the 
massive rhyolite intrusions siliceous composed of fine to crypto-crystalline quartz with silica-
altered pyric feldspars representing a silica-rich melts (see Intrusions). The majority of silica-
altered GSI ratings in the DOL domain are associated with the margins of the dolerite 
intrusions with a minor population of silica-altered fractures developed in the central parts of 
the intrusion. The massive nature of the dolerites provides a rigidity that focuses stress, 
strain, and fault-related alteration at their margins. Ultimately, their GSI populations mimic 
their fracture frequency populations and as the geological setting has such a minor influence 
DOL is characterised by the majority chlorite population (Figure 7-19a). Interestingly, the GSI 
rating for chlorite and silica alteration are similar and shows how, in the absence of any other 
geological information, GSI rating are non-unique and cannot distinguish the degradation in 
rockmass quality due to increased fracturing but with good silica surface conditions 
compared to less fracturing but with poorer chlorite surface conditions. By distinguishing the 
 200 
 
rockmass character by alteration conditions, the behaviour of the rockmass during failure 
can be identified providing a greater level of information for rockmass management such as 
ground support requirements and fragmentation properties. In RHY, the rhyolite intrusions 
are only associated with silica-altered fracture frequency domains. The intrusions are linear 
bodies less than five metres wide with silica alteration of the immediate host-rock 
overprinting any earlier chlorite alteration. Rhyolites often intrude along existing 
discontinuities between geological domains at the margin of GG5 and at margins of earlier 
intrusions (Figure 7-2). Fracture development within the RHY is variable and appears related 
to the competency of the host rock. As an example, a rhyolite in a sedimentary domain will 
show less fracturing compared to the adjacent silica-altered host rock (Figure 7-19b). Where 
a rhyolite intrudes another igneous domain relatively low fracture development occurs in 
both domains and can be absent in the RHY domain. Core disking is common in RHY 
(Figure 7-24), and their occurrence characterise environments of high stress and stiff 
material properties. The SC2-RHD domain is massive rhyodacite lava that forms the 
hanging-wall to the Golden Grove deposit (See Scuddles Formation). By its compositional 
nature, the rhyodacite is predominantly siliceous and only 13 out of 77 GSI rating related to 
chlorite-altered domains (Figure 7-18a and Table 7-5). Within SC2-RHD, the chlorite-altered 
rockmass mainly occurs at the lower contact with GG6 that is conformable but prone to 
structural reactivation. Smaller mixed chlorite-silica domains occur within the lava and here 
strain incompatibility favours fracture development in the silica alteration. In general, the GSI 
rating for the silica alteration is high with lesser ratings associated with intrusive margins and 
zones of possible core disking. 
Plotting values for all GSI populations on the GSI chart clearly shows the effect that 
altered surfaces conditions have on rockmass characterisation (Table 7-5 and Figure 7-20). 
In Figure 7-20, the horizontal separation of the chlorite (green circles) and silica (red circles) 
populations is controlled by their JCond89 surface ratings which normalises the populations 
into one of five surface conditions. The majority of the GSI rating for structure plot in the 
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‘Intact or Massive to Blocky’ classes reflecting their fracture frequency populations 
(Figure 7-3 to Figure 7-6). Several populations have GSI >75 and do not necessarily meet 
the charts assumptions as they are considered prone to spalling, rockburst, and structurally 
defined failures (see The Geological Strength Index (GSI)). The chlorite-altered populations 
form a tight cluster suggesting a relatively uniform behaviour. It is interesting that if not for 
the weak surface conditions chlorite-altered rockmass would be characterised as a greater 
rockburst or spalling risk when in reality it has lower strength and greater yield capability 
than the silica-altered rockmass. The greater range of structural conditions for the silica-
altered rockmass and the Xantho population (black ecllipse) probably reflect unrecognised 
core disking in the fracture frequency data. 
The GSI quality rating for the Xantho case study clearly shows how classifying the 
lithology and geological setting of the rockmass by alteration type and intensity creates an 
alteration index for predicting rockmass quality. The GSI range and mean reflect the variable 
intensities of the chlorite and silica alteration and provides a more accurately and 
representative method for predicting the response of altered rockmass from geological 
observations routinely collected throughout the mine This is compared with petrologically 
defined alteration indices that are often narrowly defined but widely applied across an 
operation (YildIz, Kuşcu et al. 2010, Pola, Crosta et al. 2012, Kilic, Ulamis et al. 2014, 
Wyering, Villeneuve et al. 2015). 
7.8.4 Core disking 
Core disking is a frequently observed phenomenon in the Xantho rockmass (Figure 6-5 
and Figure 7-23). The location and style of disking have a close relation with the magnitude 
of in-situ stress and the material and mechanical properties of the local rockmass (e.g. 
Jaeger and Cook 1963, Haozhe, Pengxian et al. 2013). Induced during unloading at the drill 
bit in high stress environments, the shape and attitude of a disk can be used to determine 
the magnitude and orientation of the in-situ stress at that location (e.g. Jaeger and Cook 
1963, Haimson and Lee 1995, Kang, Ishiguro et al. 2006, Bunger 2010). The underground 
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Xantho core is not orientated and photographic logging does not provide information on the 
disk shape to determine the magnitude and orientation of the in-situ stress. Nevertheless, 
the location of the disking traces the distribution of high in-situ stress in the Xantho area and 
its relation to the local rockmass can be considered. Core disking occurs in two primary 
settings within the Xantho rockmass hosted in silica alteration and silica-rich lithologies 
(Figure 7-21and Figure 7-24). Only minor disking occurs in chlorite-rich lithologies and 
alteration, commonly related to adjacent silica-alteration or at the margins of large bucky 
quartz veins. Within the silica-rich domains, the development of the disk is variable and 
appears related to the texture of intact rock and/or alteration. Disking is most intense within 
the massive, siliceous rhyolite intrusions, strongly altered dacites in GG4, dolerite bodies, 
silica-altered sediments, and intense intrusion-related silica alteration (Figure 7-24). Of 
particular interest is the disking which occurs within the edge of and throughout a large 
shallowly east dipping dolerite sill (Figure 7-23). Core logging of holes drilled sub-horizontally 
towards the west show that the dolerite has strong disking in its top (eastern) margin and 
additional zones of strong to weak disking developed into the centre of the body through to 
the opposite edge. This suggests a regular perturbation in the in-situ stress field creating 
high stress zones as it transits through the dolerite. The asymmetrical response at a specific 
location implies a relation between the orientations of the dolerite margin and the high 
horizontal stresses at Golden Grove. Fundamentally, disking at Xantho reflects the location 
of high stress concentrating in silica alteration due to its stiff elastic character. The high 
elastic modulus enables the silica-altered material to support high stress levels without 
deforming, effectively storing elastic energy available for rapid released upon unloading to 
produce disking during drilling or strain burst during excavation. 
7.8.5 Numerical Modelling 
Rockmass characterisation attempts to simplify complex geological features and 
transform qualitative descriptions into quantitative engineering inputs for failure criteria and 
numerical analysis. The GSI quantification process does this by approximating rockmass 
 203 
 
behaviour for a two-component system of rock blocks and defect surfaces. This level of 
simplification is suitable to model the mechanical behaviour of the rockmass during stress 
redistribution as it isolates the critical elements necessary for block rotation and sliding 
failure modes. The Xantho FEM analysis illustrates that a rockmass, in the presence of an 
excavation, will display distinct mechanical behaviour when characterised by chlorite or silica 
alteration type. The model focuses on the characterisation of the chlorite-silica altered GG4 
rockmass where linear intrusions with silica-altered margins are common and intense core 
disking occurs. In real terms, the only variable in the simulations is the GSI surface 
conditions for the silica and chlorite alteration The influence of alteration type on and surface 
condition is reflected in the calculated rockmass deformation modulus and it effect on 
rockmass behaviour is modelled; all other parameters are constant (Table 7-6). 
The RS2 2D continuum model represents the rockmass found on section 19440N of the 
Vulcan geology model with a 5x5m rounded roof excavation developed within the footwall 
(eastern) GG4 domain (Figure 7-25, Figure 7-26, and Figure 7-27). The excavation is 
located between a thin (<2m) sub-vertical rhyolite intrusion approximately 2.5m west and a 
slightly larger rhyolite intruding the contact with the DAC domain approximately 3.5m east 
(Figure 7-27a). An important element of the model is the creation of ‘Edge’ domains 
representing the stiffer and stronger silica-altered material that surround the rhyolite margins 
and the geology domains. The model outputs a mesh contouring the distribution and 
magnitude of the major principal stress σ1 and the distribution of elements undergoing 
shear/slip yielding for the silica and chlorite characterised rockmass (Figure 7-27b, c). 
The silica rockmass model has a σ1 distribution typical for a high horizontal stress 
environment displaying stress concentrations on the upper and lower excavation surfaces 
(Figure 7-27b). A maximum σ1 = 166.6 MPa is calculated at the lower corners and outboard 
of the yielded zone in the back suggesting the possibility of strain burst. The low stress 
contours are offset in a vertical sense as they transect the sub-vertical boundaries of silica-
altered edge and rhyolite and dacite domains. The boundary offset is accompanied by a 
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slightly higher stress magnitude in the silica-altered edge surrounding the rhyolite compared 
to the stress within the rhyolite body. This situation hints at the role alteration may play in 
partitioning and concentrating stress and offers a possible factor relevant to core disking in 
the Xantho area. Yielding of the silica-altered rockmass model extends in a symmetrical 
fashion less than two metres outward from the excavation and is contain wholly within the 
GG4 domain. 
The chlorite rockmass model has a similar σ1 distribution of stress concentrations on the 
upper and lower excavation surfaces with a maximum σ1 = 111.0 MPa calculated outboard 
of the yielded zone in the back and floor (Figure 7-27c). The low stress contours are also 
offset in a vertical sense as they transect the sub-vertical boundaries of silica-altered edge 
and the rhyolite and dacite domains. The magnitude of stress in the closest silica edge 
adjacent to the western rhyolite is similar to the stress within the rhyolite body, while both are 
lower than the trailing silica edge that has approximately twice the stress. The yielding front 
in the chlorite-altered GG4 extends approximately 3m into the back and approximately 4m 
into the floor and horizontally across the GG4 domain being arrested at the boundaries of 
the silica-altered edge domain which remains stable (Figure 7-27b). This situation suggests 
that the contrast in material strength and stiffness at the boundary of the chlorite rockmass 
and silica-altered edge is partitioning stress and strain and acting as a plane of failure. It also 
suggests that the stress at the yield front is being transmitted out into the rockmass through 
the stiff alteration and rhyolite and concentrating within the furthest edge material that is now 
the location of greatest competency contrast within the stressed rockmass. It is important to 
note that the material properties being modelled characterise a rockmass with only one 
alteration type and represents a theoretical limit rarely achieved in nature. In reality, the state 
of the altered rockmass at Xantho lies along a continuum of alteration types and intensities 
that are variable, intimate, and locally dynamic. 
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7.8.6 Conclusion 
The Xantho case study shows how hydrothermal alteration modifies the mechanical 
behaviour of the intact rock, discontinuity and the rockmass system. The metasomatic 
reactions and alteration assemblage develop systematic behaviours influenced by the 
volcanic compositions and deformation history at Golden Grove. The characterisation of 
fracture development by alteration type quantifies the mechanical distinction between 
chlorite and silica rockmass and demonstrates the importance surface conditions have in 
rockmass characterisation. Weak or short-lived fluid flow within fractures will alter surface 
conditions sufficiently to change the behaviour of the rockmass but greater sustained fluid 
flow is required to permeate the intact rock and alter it strength to a similar degree. 
Therefore, only weak alteration along fractures is necessary to alter the strength of the 
rockmass rapidly while there is an intensity of alteration required before the degree of 
mineralogical change and textural modification is complete enough to alter the strength 
properties of the intact rock. This suggests that an effective range of rockmass behaviours 
can be derived from characterisation data largely determined from surface condition only, 
with the structural and strength character of the intact rock only required on end-member 
compositions. In this sense, characterising the Xantho lithological domains and geological 
settings by alteration type and intensity has created a predictive alteration index that 
incorporates the range in alteration intensities, fracture develop, and rockmass quality with 
geological conditions found at Xantho. 
Characterising alteration provides an additional quantitative element for rockmass 
modelling. By understand the timing, distribution, and mechanical consequences of 
hydrothermal alteration the behavioural history of the rockmass can be proposed and a 
baseline mechanical characterisation of alteration type and setting can be achieved from 
routine geological data.  
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